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ABSTRACT OF DISSERTATION

PHOTON FLUX DETERMINATION FOR A PRECISION MEASUREMENT OF TH
NEUTRAL PION LIFETIME

The Jefferson Lab Hall B PrimEx Collaboration is using tatyghotons to perform &4%
level measurement of the absolute cross section for theoghroiduction of neutral pions in
the Coulomb field of a nucleus as a test of Chiral Perturlpalibeory. Such a high preci-
sion pushes the limits of the photon tagging technique ianggto the determination of the
absolute photon flux. A multifaceted approach to this pnobleas included measuring the ab-
solute tagging ratios with a Total Absorption Counter (TAG)well as relative tagging ratios
with a Pair Spectrometer (PS), and determining the ratesofagging counters using multi-hit
TDC'’s and a clock trigger. This enables the determinatiothefabsolute tagged photon flux
for the PrimEx experiment with uncertainty of 1.0%, which is unprecedented.

In view of the stringent constraints on the required preci®f the photon flux for this ex-
periment, periodic measurements of the pair productioaxsection were performed through-
out the run. In these measurements, both the photon enedyfuxnwere determined by the
Jefferson Lab Hall B tagger, and the electron-positrongpakere swept by a magnetic field
and detected in the new 1728 channel hybrid calorimeter @llyThe pair production cross-
section was extracted with an uncertainty~022%, producing an agreement with theoretical
calculations at the level of 2%. This measurement provided a unique opportunity to verify
the photon flux determination procedure for the PrimEx eixpent.

Flnally, the photon flux determination procedure was usethbyPrimEXx collaboration to
obtain the absolute normalization of the pion photo-praidmccross section, which allowed
to extract neutral pion radiative widtlo_,., = 7.93eV £ 2.1%(stat.) £ 2.0%(sys.) (PRE-
LIMINARY).

KEYWORDS : PrimEx, Neutral Pion Lifetime, Photon Taggingad®n Flux,
Lepton Pair Production
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CHAPTER : 1 INTRODUCTION

1.1 Introduction

The Jefferson Lab Hall-B PrimEx collaboration is perforgiia~ 1.4% level measurement
of the neutral pion lifetime which is calculable with highegrsion in the realm of low energy
QCD andyPT as well as using a QCD sum rule approach [1, 2, 3].

The ¥ is the lightest known hadrom{,c ~ 135 MeV) and primarily decays into two
photons §& 98.8% of the time) via the chiral anomaly. In 1951 H. Primakoff sagtgd the
photo-production mechanism of neutral pions in the Couldrald of a nucleusj.e. the
Primakoff effect (see Figure 1.1). Equivalent production*( — =°) and decay«’ — ~~)
mechanisms imply that the cross-section for the Primakaft@ss is inversely proportional
to the neutral pion lifetime [4]. The PrimEx collaboratioasused+ 5.5 GeV) real photons
to creater”’s via the Primakoff effect. The energies and timing of theidient photons were
determined using the Jefferson Lab Hall-B tagging facilithe two photons from the decay
of the neutral pion were detected in a newly constructe@si&the-art 1728 channelybrid
Calorimeter (HyCal) thus allowing energy and angle reconsimaoof the7". By measuring
the differential cross-section fa’ photo-production on a nuclear target at small pion produc-
tion angles one can extract the contribution of the Primbgajcess, and thus the radiative
width of the neutral pion.

The two photon decay of the’ is a direct consequence of the axial anomaly. In the chiral
limit, the radiative widthl'(7° — 2v) can be calculated exactly in leading order [5]. Recent
theoretical calculations igPT [2, 1] and in the QCD sum rule approach [3] predict a neutral

pion radiative width oB.1 eV (+1.0%) and7.93 eV (+1.5%), respectively. Thus, a precision
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Figure 1.1: The Primakoff effect

measurement of the radiative width would arguably be onéefmost fundamental tests of
low energy QCD and Chiral Perturbation Theory possible athh GeV photons.

The present knowledge of the experimental valudfor® — 2v) summarized in the PDG
average7.84 eV (£7.1%), is in reasonable agreement with theoretical predictibiwvever,
the present quality of the experimental knowledge is notanable with the precision of the
theoretical prediction. The impressive precision of theotletical results and the lack of an
experimental value of comparable precision signify thednfee a new, precise measurement
of the neutral pion lifetime. The Jefferson Lab Hall-B Prirn&ollaboration hopes to fill this
important experimental gap by measuring the absolute «eston for photo-production of
7Vs in the Coulomb field of a nucleus with a precisionofl.4% and extracting the neutral
pion lifetime. The largest contribution to the error on therplifetime extracted by the PrimEx
experiment arises from the knowledge of the number of pletoecident on the target. Such
a high precision measurement of absolute cross-sectiomuagsrknowledge of the absolute

normalization of the experiment to 1% or better. The absolute photon flux determination,



which is the focus of the work presented in this dissertatias not been previously attempted
with such a precision at Jefferson Lab Hall-B, or to my knadge anywhere else, which

stresses the difficulty of the task.

1.2 Physics Motivation

The two-photon decay mode of th& manifests one of the most fundamental symmetry issues
in QCD, namely, the anomalous breaking of a symmetry of thesital QCD Lagrangian
by the quantum fluctuations of the quark fields coupling to aggafield [5]. In the limit

of massless quarks the QCD Lagrangian and all the ordersradrpation theory possess
chiral symmetry; however, the presence of the axial-vettangle diagram, such as shown
on Figure 1.2, results in non-conservation of the axialkmecurrent associated with chiral
transformation [6], [7]. This so-called axial anomalg,, non-conservation of the axial-vector
currentAi = ¢l37,75q due to coupling to the electromagnetic field, determines how

decays to two photons. Hege= (u, d) andI; is the third isospin generator.

- e

Figure 1.2: The diagram for axial/triangle anomaly.

In low energy QCD, assuming theandd quark flavors are the only relevant degrees of



freedom, the form of the® decay amplitude predicted by the axial anomaly in the cliirat

(my, = mg = 0) is [5], [8]:

_alN,
7 3nF.

A (1.1)

wherea is the electromagnetic coupling constant,is the number of colors in QCD, and;
is the pion decay constant.

This in turn gives a decay width of the neutral pion:

m3

]‘—‘ﬂ'oﬂ’y"{ = ﬁ|A’Y’Y|2 (12)

wherem,, is the mass of the?.

The decay amplitude given by Equation 1.1 is derived in thetlof massless quarks.
However, as we know, the real world quark masses are not zefo~ 4 MeV andm, ~
7 MeV). This explicit breaking of the chiral symmetry leads deveral corrections to the
prediction by the axial anomaly. The most important one is anifestation of the non-
renormalization theorem of the anomaly due to Adler and Band It does not change the
form of the amplitude given above, but only replaces thee/aliuF, in the chiral limit by the
measured value determined from the decay [1, 9, 10].

Taking the experimental value fét,+ = 92.42+0.25 MeV [11] andN,. = 3, the accepted
value for the number of colors in the Standard Model, theisigcal prediction for pion decay
width isT'0_,,, = 7.729 £ 0.044 eV, where the uncertainty of 0.6% propagates directly
from experiment.

A further correction to thd';._.,, due to the non-vanishing quark masses, (# mq)



arises from the mixing of" with then ands’. The magnitude of the effect has recently been
evaluated by several authors with remarkable precisiom wibtain neutral pion radiative
widths of8.08 eV (+1.1%) [2], 8.1 eV (£1.0%) [1] and7.93 eV (£1.5%) [3] respectively.

In conclusion, the theoretical value bfo_.., is a fundamental prediction of low energy
QCD, and in the chiral limit depends only on the number of =ld@ he higher order contribu-
tions to this decay (due to non-vanishing quark masses)sttescorder of few percent and are
calculable with a~ 1% accuracy. The current world average for the pion decay wadthies

an error bar ot~ 7.1%, making a measurement bfo with a precision comparable to the

-7y
theoretical uncertainties much needed. Thus the PrimEgrexent, with its proposed error
bar of~ 1.4%, is one of the most fundamental measurements that can baped with few

GeV photons.

1.3 Previous Experiments

Figure 1.3 illustrates the state of the experimental kndg#eof the pion radiative decay width,
along with the projected goal of the PrimEx experiment. Tteglctions of the axial anomaly
(see Equation 1.2) and the value obtained in NLO Chiral Peative Theory with thet1%
theoretical uncertainity due to loop corrections are alsmg on Figure 1.3. In the past, three
experimental concepts have been used to measure the dedthy ofithe 7% with varying
degrees of success: the Direct Metheth*-collisions and the Primakoff method. A brief
overview of each method, as well as a discussion of the st#te avorld data will be presented

in this section.
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Figure 1.3: 7% — 2~ decay width. The prediction of the axial anomaly is
shown with a dashed line. The filled band denotes the result of
NLO prdictions with a+1% error. The experimental results
are for 1) the direct method [12]; 2,3 and 4) the Primakoff
method [13, 14, 15]; 5) the expected error for the
measurement by PrimEx collaboration arbitrarily projeoba
the LO prediction.

Direct Method: A measurement of the lifetime can be made by observing the distance
between the production and the decay points. Due to the dletirhe of the neutral piong ~
10716 s, one must utilize the relativistic time dilation to be aldentify distinct production
and decay points. This technique also requires a good kgwlef the energy distribution of

the produceds.



This so called Direct Method was used at the CERN PS in 1963eaxhed a precision
of 17% [16]. An improved version of this technique, a 1985 expentreg the CERN SPS,
used a beam af50 GeV protons incident on a tungsten foil to create relativists. A second
tungsten foil was used to convert the photons fromithe- v+ decay into electron-positron
pairs. The distance between the two tungsten foils was madigble. For a large separation
all of the pions decayed before the second converter foifangmall separation some of the
pions decayed after the converter foil. By measuring thétymwsrates for three different foil
distances ranging from to 250 um, the group was able to extract a neutral pion radiative
width of I';o_,,, = 7.34 eV £2.45% £ 1.50% [12]. The main contribution to the systematic
error in this measurement comes from the uncertainty of tbe pnergy spectrum, which is
assumed to be the arithmetic mean of theand~~ spectra.

It should be noted that this experiment is the most precisesorement to date. However,
the result reported by Athertaet al. [12] is three standard deviations away from the prediction

of the recent theoretical calculations.

~v*v* collisions: A result for the neutral pion width has been psiéd in 1988 by a
group from DESY [17]. Ther’s were produced in electron-positron collisions,, e e~ —
etey*y* — ete m® — ete~v~. The collaboration used the Crystal Ball detector, made of
672 Nal crystals witlh3% solid angle coverage to detect the photons frdhdecay created
by quasi-real photons radiated by electrons and positnams the collider. The systematic
errors in this experiment arise from luminosity normaliaat detector efficiencies, cosmic
ray rejection and beam gas collisions. The Crystal Ballatmration reported a pion decay

widthof "o, = 7.7+ 0.5 £ 0.5 eV



Note that the value obtained in this measurement agreestiatprediction of the axial
anomaly and the PDG average, however it was not includedisratferage due to its large

error [11].

The Primakoff method: A number of experiments utilized mhptoduction of neutral pions
in the Coulomb field of a nucleusg. the Primakoff effect, for pion lifetime measurement
[13, 14, 15, 18].

In 1974 Browmaret al. measured the cross-section for the Primakoff process aralev
nuclei, with a bremsstrahlung photon beam of energyand6.6 GeV at Cornell, obtaining
a pion decay width of';o_.,, = 8.02 eV (£5.24%). However this quoted uncertainty was
guestioned by [17, 19], who point out that it does not incladatributions from luminosity
or detection efficiency errors.

Groups from DESY [14] and Tomsk [15] uséd, 2.0 GeV andl.1 GeV bremsstrahlung
photon beams to measure thé decay width via the Primakoff effect, obtaining.7 £ 1.2
eV and7.32 4+ 0.5 eV respectively.

In conclusion, the theoretical prediction bfo based on the xsaxial anomaly [5, 6]

-y
and the contributions from NLO (quark mass) terms provideexigion of~ 1.0 — 1.5%

[1, 2, 3]. The experimental values of thé decay in general agree with the prediction of
axial anomaly; however, the errors on individual measurgsare quite large. There is also
a noticeable scatter among the experimental values. ThecDMethod provided the most

precise measurement to date, but it is three standard aesdtelow that of the most recent

theoretical calculations. The“y*-collision method is susceptible to large systematic arror

and the existing experiments utilizing the Primakoff eff@eld results scattered in the range



of 7.32 — 11.7 eV. In view of the apparent deficiency in experimental datag& measure-
ment of the pion decay width with an uncertainty at the levehe theoretical calculations is

required.

1.4 The PrimEx Experiment

The PrimEx experiment was performed in Hall-B, of the Thodwiserson National Accelera-
tor Facility. This experiment has a number of improvements@advantages over the previous
measurements utilizing the Primakoff effect and bremakdtmg photon beams. In particular
the Hall-B photon tagging facility provides: (1) a quasifmchromatic tagged beam which
enables a clean kinematical separation of the Primakofhar@sm from various background
processes, also (2) the tagging technique, as will be shallows for a photon flux deter-
mination,i.e., an absolute normalization of the cross-section, with agigent precision.
With error on the luminosity being one of the major issuesr@vpus measurements using
bremsstrahlung beams, a one percent photon flux determinata major improvement. Also,
the PrimEXx collaboration has constructed a new state-@fatthhybrid calorimeter which pro-
vides adequate energy and position resolution for a piongepmduction cross-section mea-
surement at very forward angles- (3 — 4°). The invariant mass and the pion angle are
reconstructed by detecting, in the calorimeter, the twa@h®from ther® — ~~ decay.

The PrimEx experiment used a quasi-monochromatic photbesesgy~ 4.9 — 5.5 GeV
from Jefferson Lab Hall-B photon tagging facility to pro@uoeutral pions off of carbon
and lead targets. By measuring the absolute cross-seaiophbto-production ofr’s in
the Coulomb field of a nucleus.e., the Primakoff effect, one can extract the two photon

decay width of the neutral pion. For unpolarized photons differential cross-section for the



Primakoff process is [14]:

d3o 8aZ? FE: ,
dQP = Fﬂ.oﬂ,wm—?)Q—j‘Fe,m,(Q)‘QSZTLQeﬂ-O (13)
70

whereT o is the pion decay width? is the atomic number of the target nucleus,, 3,

=Y
.0 are the mass, velocity and production angle of the pionis the energy of the incident
photon,( is the momentum transfer to the nucleus, dngd, (Q)) is the nuclear electromag-
netic form factor corrected for outgoing pion final stateenatctions.

The Primakoff effect is not the only mechanism for thephoto-production in the few
GeV energy region; some care must be taken to properly iyeantd subtract the contributions

from the competing processes. The full cross-section fam photo-production in the forward

direction (up to~ 3 — 4°) is given by:

o dPop dPoe oy d*op d3oc
o~ a0 T aa T aa TV aq st o) (1.4)

heredjl‘g’)c is the nuclear coherent cross section[20, 21, 22]:

d30'C
dQ

= O+ A Fy(Q)2sin*0,0 (1.5)

and

d;gf is the incoherent cross section [23, 24]:

d30'] d30'N

ol —eA(1-GQ)L

(1.6)

whereA is the nucleon numbefy (Q) is the form factor for the distribution of nuclear matter

(corrected for pion final state interactions), the facttin?6... in Equation 1.5 is the square
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of the spin and isospin independent part of thgphoto-production amplitude on a single nu-
cleon ¢ is the absorption factor for incoherently produced pidiis; G(Q)) is a suppression
factor, due to the Pauli exclusion principle, that redutesdross section at small momentum
transfers, andil"TN is the cross-section for’ photo-production on a single nucleon. Thein
Equation 1.4 is the phase between the Primakoff and nuctdearent amplitudes and tlg

is the phase shift of the outgoing pion due to final state aigons.

Figure 1.4 shows the angular behavior of the electromagaeti nuclear photoproduc-
tion cross-sections f¢fC for forward angles and’, = 5.6 GeV [20]. The amplitudes on this
plot are normalized to data from [13].

The Primakoff process has distinct signatures which allsvwséparation from the back-
ground processes using kinematic considerations. Forzgmnuclei, the Primakoff cross-
section: 1) is zero for pions emitted along the incident phatirection, 2) is forward peaked
with a sharp maximum dt.. ~ m2,/2E2,, 3) is proportional taZ* of the target nucleus and
4) has a peak value proportional . The cross-section for coherent photo-production of
7%s off of nuclei is also zero at.o = 0 for spin zero targets, however it has a broad maxi-
mum outside of the angular region of the Primakoff procesd,falls slower at larger angles
(see Figure 1.4). The cross-section for incoherent piomlyecton has a relatively smaller
contribution and extends to even larger angles [23]. ThmPExi collaboration has taken an
empirical approach to determine the contributions of cehteand incoherent mechanisms in
the Primakoff region{,c <~ 0.8°). The data have been recorded at larger angles, 4y m-
abling the extraction of the unknown parameters in the prddo mechanisms [21, 22, 23].
An invariant mass cut has been employed to suppress theeataichnd correlated multi-

photon backgrounds. Finally, data has been taken on twetsa{gC and?23® Pb) to verify

11
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Figure 1.4: Differential cross-section for the pion phgt@duction on
$2C'in forward dirrection.

the Z dependence of the Primakoff cross-section and study theragsic effects of nuclear
contributions to the Primakoff peak.

The ambitious goal, to measure the neutral pion lifetiménaiprecision ot~ 1.4%, set
out by the PrimEx collaboration demands an absolute nomaiadin of the cross-section with
an unprecedented precision 0f or better (see Equation 3.1). Table 1.1 lists the major con-

tributions to the projected error for the PrimEx experimemd as one can see, the uncertainty

12



in the photon flux is the dominant component. To stress theitapce of the special care
required in the determination of the absolute normalizafar the PrimEx experiment, it is
worth noting that the cross-section normalization has leeenof the major sources of system-

atic errors for previous experiments utilizing the PrimHleffect and bremsstrahlung photon

beams.

Table 1.1: Summary of major contributions to the projectegesimental
error for the PrimEx experiment.

Statistical 0.40%

Target thickness 0.70%

Photon flux 1.00%

7V detector acceptance and misalignment40%
Background subtraction 0.20%

Beam energy 0.10%

Distorted form factor calibration errorg 0.40%

| TOTAL ERROR (added in quadrature) | 1.40% |

The work presented in this dissertation describes the phiti® determination procedure
for the PrimEx experiment, which achieved a sub-percentigian. It involves absolute cal-
ibration of the JLab Hall-B photon tagging facility agairmstotal absorption counter, insitu
relative monitoring of the photon flux with a pair spectroereand an innovative approach of
using multi-hit TDCs in conjunction with beam intensity efated clock triggers to measure
the flux in the photon tagging system. Finally, the flux deieation procedure is verified by

measuring the absolute cross section of a well known QEDgset ¢~ -pair production.

Copyright(© Aram Teymurazyan 2008
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CHAPTER : 2 EXPERIMENTAL SETUP

2.1 Beam Line Elements

In order to fulfill the systematic uncertainty requiremeatshe PrimEx experiment, the fol-

lowing aspects of the beam-line instrumentation were cw@rsd and addressed:

Electron beam energy, position, intensity and energy ktyabontrol.

~ beam intensity, position and profile control.

Background control.

Linearity and stability of the monitors with beam intensity

Figure 2.1 presents detailed schematic of the PrimEx exqgarial setup. At Jefferson
Lab Hall-B, photons are produced in a bremsstrahlung radiat a5.76 GeV electron beam
and then pass throughtecm gap of the pole of the tagger magnet. In addition toStienm
collimator, the beam-line was outfitted witd 27 mm collimator, which served as the primary
collimator for PrimEx. A0.73 Txm permanent magnet was introduced into the beam line for
the purpose of removing charged particles created by theopHmeam scraping the inside of
the collimator. After the photon beam leaves the pole of #ggér magnet it travels through
a 7.5 cm diameter beam pipe until it reaches the PrimEx physiggetaapproximatelys.5
meters downstream of the radiator. The beam-line sectistregam of and including the pair
production luminosity monitor magnet was in vacuum, andsigetion from the exit window

of the luminosity monitor dipole to the face of the calorigetvas enclosed in a helium bag.
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Figure 2.1: Schematic of the PrimEx experimental setup bésn
elements.

A photon beam is established in Hall-B by centering the ed&cbeam in the two beam
position monitors (BPM) upstream of the radiator, and thescking the position of the post-
bremsstrahlung beam on the beam dump screen below the taggeet. A super-harp scan-
ner was installed in front of the Primakoff production tasgy® provide photon beam position
and profile control at the position of the physics targee(Bgure 2.2).

The main components of the super-harp are a fork with thregstien wires, a stepper motor
with an accuracy of motion of 10 ym and a particle detector to record the rates of the
secondary particles created by insertion of the tungsteasainto the photon beam. The
scintillator telescopes of the Pair Spectrometer, whictascribed in detail in Section 2.4,
are used as a particle detector for the super-harp. The fgrRating the tungsten wires is
positioned and moves a5° with respect to the horizontal axis and in the plane perpmriai

to the beam line. The distance between the two arms of thei$ooke inch. Three wires

15



harp_2h00_10-21-04_14+39:45, txt PHT Channel: pz_primex

back_x = 17137 +/~ 0083127 back_y = 1,7137 +/- 0,083127

amp_x = 169,39 +/- 2 14673 amp_y = 171,718 +/- 2,47605
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Figure 2.2: A typical photon beam profile obtained with tlupar-harp.

are positioned between the arms in such a way that the firsthanthird wires are vertical
and move in the horizontal direction across the beam. Thernrediate wire is horizontal
and moves in the vertical direction when the fork advances at When a wire crosses the
beam, beam particles scatter from the wire or prodiuice pairs, which are analyzed in the
magnetic field of the dipole magnet and detected in the idair telescopes in singles or
coincidence mode. Using the information from the encodee, can reconstruct the vertical
and horizontal beam profile distributions.

Electron beam scans at the position of the radiator wergecbout routinely with a device
much like the super-harp (it uses thinner tungsten wired)rave shown no measurable halo

(see Figure 2.3).
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Figure 2.3: A typical electron beam profile obtained in aghscan.

The main elements of the beam line for the PrimEx experimeeitide (1) the Jefferson
Lab Hall-B photon tagger, (2) a collimator, (3) a permaneragmet, (4) super-harp scanner
located in front of the physics targets, (&) radiation length solid target$*(C' and®*® Pb), (6)

a pair production luminosity monitor, which is located jdstvnstream of the physics targets,
(7) a hybrid electromagnetic calorimeter containing a higgolution insertion in the central

region near the beam and (8) a total absorption lead-glasgeoused in determination of the
absolute normalization of the photon flux.

The subsequent sections describe in detail the Jeffersdohihl-B photon tagger, the pair
production luminosity monitor, the novel electromagnédtydrid calorimeter and the total

absorption counter.
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2.2 The TINAF Hall-B Tagger

The Jefferson Lab (JLab) Hall-B photon experiments utilfeewell known brems- strahlung
photon tagging technique to measure the energy and timemiaton of incident photons
in real photon induced reactions [25]. The electron beammibial energy E, (in the case
of PrimEx E, = 5.76 GeV) is incident upon a thin3(x 10~*,10~* or 10~° rad. length)
bremsstrahlung converter foil (the “radiator”). The etectloses energy in the electromag-
netic field of the nucleus and in the process emits an enerngledton (braking radiation). The
number of photons with energies in the interkal- k + dk is directly proportional to thez>

of the radiator and is inversely proportional to the enekgyf the photons [26]. Due to the
relatively small mass of the electron the recoil energygfamed to the nucleus is negligible,

so one can effectively write the energy conservation forptoeess as:

E,=E,— E. (2.1)

where E, is the energy of the bremsstrahlung photon @hds the energy of the secondary
electron. The energy,, of the electron incident on the radiator is defined by thesbrator,
hence by measuring the energy of the post-bremsstrahl@ogr@h one can determine the
energy of the photon.

At energies above a few MeV both the secondary electronshanihtliated photons travel
along the direction of the incident electron beam. The dttarstic angle of the cone of
photons ig. = m.c?/ Ey. Even at the lowest possible energies at JL-al3(0 MeV) thed. is

on the order ofl. mr.
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Figure 2.4 is a schematic representation of the JefferseimHall-B photon tagger (the
“tagger”). The main components of the tagger are a thin(—* rad. length) bremsstrahlung
radiator, a dipole magnet capable of full field bf75 T and two rows of plastic scintillator

hodoscopes, “E” — and “T” — counters (energy and timing cers)t

Magnet return yoke

Photons

Magnet pole

384 E - counters

61 T - counters

k/E =0.95 0.90 080 070 0.50 IEI.3I]
0.60 040 020

Figure 2.4: The overall schematic of the Hall B tagging syst&he
electron trajectories (red-dashed) are labeled accotditige
fraction of the incident energy that was transferred to the
photon (blue-dashed). The schematic is adopted after &igur
in [25].

The photons produced in the radiator continue essentialyght ahead through the tag-
ger, toward the target further downstream in the experialemll. A collimation system, a
12.7 mm collimator in conjunction with .73 T permanent magnet, is positioned just down-
stream of the tagger and centered on the photon beam lindén twr further define the photon
beam. Meanwhile, the electrons are separated from the psbtpthe tagger dipole magnet.

The field setting of the magnet is adjusted to the incideminbenergy to allow full energy
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electrons which do not interact with the radiator to follovciecular arc inside the curved
edge of the magnet pole and are directed into a shielded beamp telow the floor of the
experimental hall.

The energy-degraded electrons are detected in the E- amuliters that lie along a flat
focal plane downstream from the straight edge of the magret E-counters make-up a plane
of 384 overlappingt mm thick scintillators. The E-counters are designed to laavariable
width (from 6 mm to18 mm) to cover approximately constant energy intervald efl0 3 E,.
Using the overlapping nature of the E-counters, 767 fineeggnehannels (E-channels) of
width 1073 £, are defined through software coincidences of adjacentufiers [25].

In order to properly associate a tagged electron with aegdldbwnstream event, a timing
resolution of300 ps or better is provided by a row of T-counters located diyeghder the
row of the E-counters. There are 61 T-counters in total. Eatiector is2 cm thick plastic
scintillator read out with a photomultiplier at each end atle scintillator. T-counters have
overlapping acceptances (of a few mm) to ensure that ther@@inter-counter gaps. The
overlapping design of the T-counters gives risd 26 non-overlapping T-channels which are
defined through a software coincidence for two adjaceneatets. The numbering schemes
for T-counters and T-channels are presented on Figufe 2.5

The focal plane of the Tagger is divided into two groups otuaters. The first group of
19 counters covers the photon energy range fi@ivh to 95% of the incident electron energy,
and the group of2 remaining wider counters covers the range fraifi to 77%. The size of
individual T-counters compensates for th& behavior of the bremsstrahlung cross-section.

The width of each T-counter is chosen in such a fashion thamatbles approximately the

1The same numbering scheme is applied to E-counters andrielsa
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(a) (b)

Figure 2.5: Overlapping design of T-counters showing oh#/first7
hodoscopes: (a) physical T-counters, (b) the T-channels
defined through software coincidences.

same counting rate for each detector within the same grouenll61 T-counters are used,
the total tagging rate can be as high as 50 MHz for the wholal fplane. The high-energy
counters T1-T19, are proportionally smaller, and allowggtag rate of up to 50 MHz in this
region alone [25]. The PrimEx experiment used only the cexsnt1 through T11.

The use of the Jefferson Lab Hall-B photon tagging facilixeg PrimEx multiple advan-
tages over the previous experiments that were based onithalff effect [13, 14, 15, 18].
As has been discussed in Section 1.1, the peak value and ¢hwaamlistribution of the
Primakoff cross section are strongly dependent on the gradithe 7°. The determination of
the tagged photon flux on the experimental target is alsoleddly the tagger (see Chapter 3).
Thus a more accurate knowledge and control of the photon lezemgy and the luminosity

provides PrimEx with a greater control over systematicrstro
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2.3 The PrimEx Targets

The PrimEx experiment used; radiation lengtH?C and?®® Pb as#® production targets. Us-
ing different targets in the experiment allows one to explheZ dependence of the” — v~
cross section and to better understand the physics baakgsowVhen selecting the targets,
things like purity of the target, knowledge of nuclear foractors and the ground state angular
momentum are considered. For the sake of better unders@titk systematics of the cali-
bration reactions (pair production and Compton scattgring5% radiation length Be foil
was installed on the target frame. The majority of the PrimExlata were taken on théC
target. A careful study of these targets (see [27]) has edaible determination of the num-
ber of atoms perm? in the targets with an exceptional sub-percent precisiome dumber
of atoms per unit area\,,,.,;) for the carbon target i$.066 x 10?3 cm~2 (£0.053%) and is

4.569 x 10* cm~2 (£0.304%) for the® Be target.

2.4 The Sweeping Dipole and the Pair Spectrometer

ThePair SpectrometerRS) was constructed for the purpose of monitoring the relatgged
photon flux (for details please see Chapter 3). It consisésiaf T xm dipole magnet and two
symmetric arms on each side of the beam line (beam left anah Ioight) and is designed to
detectet e~ pairs produced in the physics target (tHeproduction targets) by photons over
the full tagged photon energy range of the experiment.

The dipole magnet was carefully mapped using an NMR probandJse information
from these measurements an excitation curve was obtaieed=fgure 2.6). A simple linear

fit to the data gives the following current)— field (B) dependence:
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I(A) = —0.6657 — 0.1537 x B(Gauss). (2.2)

A fast-degaussing procedure was developed which allowst@@ehieve a field repro-

ducibility of better thanl0—* Gauss.
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Figure 2.6: Excitation curve measured for PS dipole magnet.

Each arm of the pair spectrometer has two rows (front and)azdcintillator hodoscopes
in sets of8 making 32 detectors in total. Schematic views of the paicspeeter are shown
in Figures 2.7 and 2.8. The front detectors are locatgdl cm downstream from the center
of the dipole magnet and the back detectors are locéiedcm downstream from the front
detectors (as shown on Figure 2.8). The distance of the mafdhe detector plane of the front

hodoscopes to the beamline2is 6 cm and the distance of the middle of the detector plane of
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back hodoscopes to the beamling4s)cm. The planes of front and back detectors make up a
10.3° angle withX'Y" coordinate plane perpendicular to the beamline. The daitatis of the

front hodoscopes are4 x 7.5 x 0.5 cn? in size and are made @&¥C420 plastic.

Figure 2.7: Layout of the pair spectrometer. Each arm ctsmsiseight
contiguous plastic scintillator hodoscopes in each row.

Back Scintillators

Front Scintillators

Target

‘ 55.72em ‘ 140.1em ‘ 46.4em ‘

Figure 2.8: A schematic vew of the pair spectrometer fromtdipe
showing the relative distances of the target, the magnet and
the detectors.
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Figure 2.9: A picture of the pair spectrometer hodoscopesnten on
aluminum frame, also the dipole and the exit vacuum window
of the dipole on the background.

The back detectors afel x 9.3 x 2.0 cn?® in size. The front scintillators were chosen to
be thinner than the back scintillators to minimize the cleimgthe trajectory of electrons and
positrons due to multiple scattering. The relative widththe detectors were chosen in such
a way that to each — th front detector correspond three back detectors1, ¢ andi + 1.
Each front and back detector was wrapped into four and fivertagf—metal, respectively,
in order to shield them from the fringe field of the dipole magy A pair spectrometer event is
defined by requiring d—fold timing coincidence between the two arms of the paicspene-
ter (left-front - left-back- right-front - right back) which greatly reduces the rate of accidental

coincidences.
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The dipole magnet is simultaneously a sweeping magnet usgthke sure that during
the production data taking we do not get charged particl&dracind in the calorimeter. The

scintillator hodoscopes are also used in the beam profilsomements with the super-harp.

2.5 The Hybrid Calorimeter (HyCal)

The two photons from the® decay are detected in a highly segmeritgrid Calorimeter
(HyCal). HyCal is a two-dimensional matrix of radiators (see Fegirl0) designed to provide
precise measurements of position and energy of the detpear#idles. The inner part of the
calorimeter is 84 x 34 array of 1152 lead—tungstate{’ O,) crystals of dimension&.075 x
2.075 x 21.2 cm?® with a (@.15 x 4.15 cn?) central hole left open to enable the primary photon
beam to pass through. TH&WW O, crystals have a radiation length @89 cm and a Moliere
radius of2.20 cm. The matrix of lead—tungstate crystals is surroundedbiagers of lead—
glass 'F'1) modules. Each 0376 lead—glass modules is of dimensidh815 x 3.815 x 34
cm?®. TheTF'1 lead—glass has a Moliére radius4f0 cm and a radiation length @74 cm.
The HyCal is119.0 x 119.0 cn?? in the direction transverse to the beam and it is located tabou
7.32 meters downstream of the’ production target.

In order to extract the Primakoff amplitude at the energieSi(— 5.49 GeV) used for this
experiment, it is necessary to have sufficient resolutmmtiie pion production angle. The
high resolution crystal insertion of the HyCal detector ésigned to improve the pion angu-
lar resolution. This resolution depends strongly on theagigghoton energy and the position
accuracy of the calorimeter. The dimensions of the moduléise direction transverse to the

beam are optimized with respect to the Moliere radius, abttie energy leakage into adjacent
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Figure 2.10: The lead tungstatef{lV O,) inset and the lead glas&{0O)
periphery of HyCal in a frame enclosure.

counters can be used to determine the position of the showgerEhe central region of crys-
tals provides enhanced position and energy resolutiomfanass and angle measurements.
These high resolution detectors cover a region around thenbghere at least one photon
from ther® — ~~ decay will hit the calorimeter. Ideally the entire detectaruld have been
constructed from lead—tungstate modules. For the sakesifeftectiveness, the outer part
of the calorimeter, where energy resolution and statistresthe primary concern, is made of
lead—glass blocks. The dimensions of the lead glass anmizpetl to measure photon energies
in the region from a few hundred MeV to a few GeV. Such an oaton results in reduced

position resolution compared to that of the lead-tungstatstals. The hybrid design of the
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calorimeter offers a good compromise between the requinésfer precision of position and

energy measurements and the price of the calorimeter.

Figure 2.11: Schematic view of HyCal on the transporter. Sieded
purple region depicts the lead tungstate modules and the lig
blue region depicts the lead glass modules.

The gains for individual counters were determined by sepditow intensity tagged pho-
ton beam directly into the detector. During the calibratiba calorimeter was installed on a
transporter in order to expose every module of the deteottird beam (see Figure 2.11). The

energy dependent resolution can be described by the falpexpression [28]:

op/E=a®b/VE®c/E (2.3)

where E' is the energy of incident photon in GeV. The constargccounts for calibration

errors, shower leakage and non-uniformity in light coliectefficiency along the length of
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the crystals. The parametérarises from statistical fluctuations of electromagnetiovetr
and photon statistics in the PMT and the term with constaat th due to noise in detection
electronics. The data from “snake” calibration runs weredu® obtain a resolution function

for the crystal part of the calorimeter (see Figure 2.12).
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Figure 2.12: HyCal energy resolution function obtainedrfrtsnake”
calibration data.

The yield of light, produced by scintillation, within theystal is highly dependent upon
temperature { 2%/° C). Therefore, the calorimeter is thermally isolated anda@wnded
on all four sides by water cooled copper plates in order tbikta the temperature with a

precision of (£0.1° C).
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2.6 Total Absorption Counter

The Total AbsorptionCounter TAC) consists of a singlé0 x 20 x 20 x 40 cm? lead glass
block (SF5,L = 17X,). It has a singlé” Hamamatsu PMT (R1250, rise time 2.5 ns)
attached to it and is instrumented with both an ADC and TDGe TAC was mounted on
a support structure with vertical motion behind the HyCaheertical motion enabled the
placement of the TAC out of the path of the primary beam duhiigdy intensity runs.

In the August 2002 test run, withl&0 pA electron beam and2x 105X, bremsstrahlung
radiator, the TAC fired at about0 kHz with a35 mV threshold.

The TAC is used to obtain an absolute normalization of theqi@ux in the experiment
(see 4.1). The normalization procedure is based upon theng®on that the TAC has00%
efficiency for detecting photons in the entire tagging gyerange. Figure 2.13 shows the

measured TACADC — photon energy correlation.
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CHAPTER : 3 FLUX DETERMINATION IN PRIMEX

3.1 Principles of tagged yield normalization

The primary advantages of the PrimEx experiment over theigus Primakoff experiments
arise from the use of the Jefferson Lab Hall-B photon tagémedity to carefully control sys-
tematic errors and reduce backgrounds. First, the tageictgnique allows for a significantly
more accurate knowledge of the photon flux. Second, due tertbegy dependence of the
Primakoff cross section, it is critical to have a good knadge of the absolute photon beam
energy.

In order to determine the energy of the decayitfy each event is recorded in coinci-
dence with a signal from the tagger. The experimental cres8m for neutral pion photo-

production is given by the following expression:

do ay‘yeeed
A NU9sed ot 4Q)

(3.1)

whered() is the element of solid angle of the pion detectﬂf,f(?gged is the yield of tagged
7%-s within solid anglei, ¢ is the target thickness,is a factor accounting for geometrical
acceptance and energy dependent detection efficiencwaﬁéfd is the number otagged
photons on the target (the tagged photon*jux

As can be seen from Equation 3.1, the normalization of thescsection directly depends
on knowing the photon flux on the target. A naive assumptibat the number of tagged
photons on target is equal to the number of hits recorded &yatging counters, is not true

because of a number of effects:

IHereafter the tagged photon flux will be referred to simplytasphoton flux unless otherwise specified.
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(1) eventsinwhich a bremsstrahlung photon is producedfaabsorbed before reaching

the target.

(2) Mgller scattering events in the bremsstrahlung radiatach produce an electron in the

tagging counters without an accompanying photon.

(3) extra hits registered in the tagging counters due to rbanokground.

To minimize the absorption of photons before they reach &inget, the bremsstrahlung
beam travels in vacuum. The Mgller scattering events argvkrio affect the tagging rate at
the level of a few percent. The impact of the room backgroumdhe tagging rates of runs
with various electron beam intensities is non-trivial ahdrefore continuous and attentive
monitoring is necessary.

The combination of these effects can be measured in a daibraun by removing the
physics target and placing a lead-glass total absorptionteo (TAC) directly in the photon
beam. Assuming that the total absorption counteéfis’ efficient in detecting photons in the
energy range relevant for the experiment, the ratio of Teg@€ coincidences to the number
of tagger hits, the so called absolute tagging ratio, is teeorded:

TAC
N -e

Rabsolute - 'YT ‘calibration (3 2)
e

whereNﬁ;“C is the number of photons registered by the TAC in coincidesitlk a tagging
signal andV, is the number of electrons registered in tagging counters.
Knowing this ratio, one can determine the tagged photon fiuthé data taking run by

counting the number of post bremsstrahlung electrons instyging counters:
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tagged
Ny 99 |experiment == Ne|experiment X Rabsolute (33)

The use of the total absorption counter to calibrate the rerrabtagged photons per elec-
tron in the tagger provides an absolute normalization ofgtheton flux incident on the?
production target. However, these measurements can bermed only at intervals between
the data taking. Also in the calibration run, the rate of taltabsorption counter is limited,
and therefore, the tagging ratioan only be measured at a rate which is reduced by a factor
of about one thousand as compared to the data taking run. ks any rate and time depen-
dence in the tagging efficiency must be carefully conside@onsequently, a pair production
luminosity monitor was constructed (see Section 2.4) wischble to measure the relative
tagged photon flux over a range of all relevant intensitiad, @erate continuously through-
out the data taking runs. The PS uses the physics target awertay to measure the ratio of
the number ofy + A — A + e* + e~ reactions in coincidence with a tagging signal to the
number of hits in the tagging counters (see Equation 3.4),

NPS

Rrelative = % (34)

While this is a relative number, its absolute normalizatan be fixed with the TAC.
The advantages of the pair spectrometer are that it can tepevar the entire range of
intensities (of both the flux calibration and data takingsjuand has a smooth, relatively flat

acceptance i, covering the entire tagging range. The segmentation ofalrespectrometer

°The term tagging efficiency will be used interchangeablshwiabsolute tagging ratio” and is not to be
confused with the efficiency of the tagging counters.

3The reactiony + A — A+ et + e~ is the primary source afte~ pairs, but it is understandable that higher
order processes also contribute to the rates registereueiy $.
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detectors is driven by the fact that the pair production amch&koff target are the same, and
therefore the pair spectrometer detectors must accommdbatrates from &% radiation
length target. Under the PrimEx run conditions, we had ssghtes on a single telescope
of about 140kHz, and a total 60 kHz of PS-Tagger coincidences over the range of tagging
energies. The efficiency of the pair spectrometer for taggihotons was abo0t45%.

The PrimEx experiment is intended to provide a measuremetheor® lifetime with
better thanl.4% precision. As quoted in the error budget of the experimeee (0]), the
main contribution to the error bar in the PrimEx measurencentes from the knowledge of
the photon flux. To achieve the desired precision in the nreasent of ther® decay width
it is necessary to know the photon flux 16, or better. To emphasize the importance of
the photon flux measurement for the PrimEx experiment it khba noted that such a high
precision measurement of the photon flux has not been pralyiattempted at Jefferson Lab
Hall-B. As indicated by Equation 3.3, the problem of crossis& normalization is reduced to
the determination of the number of electrons in tagging tensnand measuring the absolute
tagging ratio. The constant online monitoring of the refagphoton flux is also very crucial
for the precision tagged photon flux measurement.

Note that in Equation 3.1 th}aﬁf}gge‘i and N!*9°/ need to be carefully defined. As it is

defined abovey !299¢?

70

is the total number ofi® events induced byagged photons, andhot
the total number of® events observed by HyCal. To reduce the data acquisiti@s thie
primary trigger is not induced by the tagged photons, buthgyHyCal, which means there
are possibler’ events in the data which are induced by untagged photonsseTieevents,
which do not have “partner” electrons in the tagger havergssdly no capability to pass the

energy conservation requirement which is used to reducbabkgrounds. Thus these events

35



are excluded from consideration. In the yield one county afllevents which are tagged as
true events. ThéVﬁagged in the denominator of Equation 3.1 has to be counted comsigte
with the wayY;ggged is estimated. This means that if for any reason events acardied from
yield calculation, they should not be considered when datmg the photon flux either and
vice versa.

The fact that for the cross section measurement one is stegte@nly in the tagged pion
yield, i.e., the number coincidences af and tagging electron, and the tagged photon flux,
which is proportional to the number of tagging electronsufts in the convenience of not
having to worry about the detection efficiency of taggingieters and the deadtime effects
of the data acquisition. Due to the tagged nature of both iblel ynd the photon flux, the
efficiency of the tagger and the deadtime, appear in the natmreas well as in the denom-
inator when calculating the cross section such that theef@ncels out. But keep in mind

that this does not necessarily include inefficiencies Whdan be introduced through the re-

construction software. A more detailed discussion willdal in Chapter 6.

Copyright(© Aram Teymurazyan 2008
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CHAPTER : 4 ABSOLUTE TAGGING RATIOS

4.1 Absolute calibration with total absorption counter

During PrimEx data taking in the Fall of 2004, specializetibzation runs were periodically
performed to determine the absolute normalization of theqmflux. For a calibration run,
the experimental target is retracted and a Total AbsorpBonnter (TAC) is placed in the
path of the photon beam. To avoid radiation damage to the TA&€electron beam intensity
is lowered to~ 70 — 80 pAl. The low intensity of calibration runs enables the use of the
Tagger Master OR (MOR) signal as the data acquisition triggfee MOR signal is formed
by OR-ing the timing information from all or any of th&l T-counters. Using the MOR
trigger enables one to directly count the number of elecrbrat hit the tagging counters.
Due to the reduced intensity of the primary beam, even atshgation in room background
can have a significant negative effect on the tagging rafitsis periodic measurements are
neccesary to ensure a stable, reproducable result. Assdisdun Section 2.2 the T-counters
have overlapping geometrical acceptances and non-opénigd-channels are defined via
timing coincidences. Due to the small size of the overldps rates in the even channels are
low (see Figure 2.5 Parts (a) and (b)), so in order to obtadmmpmrcent statistical errors within
a reasonable amount of time the even channels are groupethéogvith the previous odd
channel to form “combined T-channelAs shown on Figure 4.1.

Absolute tagging ratios are then defined for each of the dRters as:

1The maximum beam intensity for the safe operation of the T&C 50 — 200 pA
2In this and subsequent sections the term “T-counter” withréo the “combined T-channels” and not to the
physical T-counters unless otherwise noted.
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Figure 4.1: The numbering scheme of the combined T-chapoelg the
first 7 counters are shown.

NTA_C
e (4.1)

4 —
absolute — i
N, e

where NV is the number of electrons registered in the T-countard N7 is the number of

photons registered by the TAC in coincidence with an elecindhe T-countei.

4.2 TAC - Tagger coincidence and background determination

The difference in times of hits, recorded for the tagger andtie TAC, forms a coincidence
peak with a flat background. Parts (a) and (b), Figure 4.2ydhpical coincidence spectra for
TAC-Tagger. Note that the signal to background ratio isdyattan10000 : 1, thus the deter-
mination of the number of coincidences is quite insensitivilne accuracy of the background
estimation procedure.

From Figure 4.2 (b) we can see that the background is not umitm the left and right

sides of the coincidence peak. The dip, around to 40 ns, to the right of the coincidence
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Figure 4.2: (a) Distribution of time differences for evergsonstructed
for Tagger and TAC. (b) a close up version of the first plot
showing thet4.5 ns timing window for coincidence events.

peak is due to the TDC dead time. 4.5 ns window was set up arouridto determine
the number of TAC-Tagger coincidences. Due to the nonumiityr of the background, a
w ~ 4.5 us window, from7 to 4500 ns, was taken only on the left side of the coincidence
peak to calculate the background level. Assuming a flat umifbackground the number of

background events per bin was calculated using the formula:

Int { t
Background events per bin = ntegral of events (4.2)
w

Using the above described procedure, the background whsaged for each T-counter,

rescaled according to the size of the coincidence windowsaidracted from the integral
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number of events in the peak around zero to obtain the nunfitene TAC-Tagger coinci-

dences.

4.3 Effects of incident electron beam intensity on absdiagging ratios

As itwas previously discussed, due to the technical linateg of the TAC the absolute tagging
ratios can be measured only at beam intensities whick-ar@® times lower than the intensity
of a regular production run. The goal of PrimEXx is to be ablen@asure the photon flux for
the production data with a precision b or better. It is important to demonstrate that the
tagging efficiencies obtained at beam intensities-o80 pA are valid when applied to the
data collected at the high beam intensities of al¥uio 130 nA. To investigate this, during
our running period in Fall of 2004 we had normalization runghwarious beam intensities
(40 — 120 pA).

Figure 4.3 (top) shows the absolute tagging ratios as aifumof T-counter number mea-
sured at different beam intensities. An artificial shiftsvatroduced on the horizontal axis
in order to be able to distinguish the different measuresieAs a result, one had groups
of 4 points (one group per T-counter). The weighted average wahsilated for each of the
11 groups. Figure 4.3 (bottom) shows the percent deviatioracheneasurement from the
mean value for the relevant group. No noticeable systendafiendence of tagging ratios on
the incident beam intensity was detected when varying taenbatensity fromd0 to 120 pA.
The run summary of the data used for this study is present@&dbte 4.1. Note that the Pair
Spectrometer (PS) dipole was running~at-3000 A and al12.7 mm collimator was used dur-
ing this measurements. A more complete answer to the questimtensity dependence of

tagging efficiences can be found by looking at relative taggatios where the beam intensity
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Figure 4.3: (top) Absolute tagging ratios plotted as a fiomcof
T-counter number for runs with different beam intensities,
(bottom) The percent deviations from the mean for tagging
ratio measurements made at different beam intensitiehéor t
first 11 T-counters.

can be changed anywhere fréanto 100 — 150 nA (see Chapter 5).
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Table 4.1: Run summary of data used for tagging efficien@nte
intensity {n)dependence test.

Run# | PS dipole current | Radiator | Collim. type | Collim. pos. | Beam Current
4552 -3005.14 A C 12.7 mm 7.021in 40 pA
4553 -3005.14 A C 12.7 mm 7.021in 120 pA
4554 -3005.14 A C 12.7 mm 7.021in 100 pA
4774 -3105.43 A C 12.7 mm 7.021in 70 pA

4.4 Effects of collimator size

A decision was made for PrimEx to run with very loose colliroatof the bremsstrahlung
photon beam to cut out the beam halo. Together with carefulitmang of the beam position,
collimation should increase the stability of the luming&y keeping the photon beam focused
at one spot on the target and thus reducing the effects oftpessonuniformity of the target
thickness.

Two different sizes of copper collimators were availablethas purpose (see Section 2.1).
In Figure 4.4 (top) the relative tagging ratios are plotexsus T-counter ID for data taken with
two different collimators. For reference purposes a resith no collimation is also plotted.
The running conditions requested for this data taking gedace summarized in Table 4.2.
Note that for these measurements the statistical error om jgaint is on the order df.15%.
It is easy to see from Figure 4.4 (bottom) that 27 mm collimator cuts outv 1% of the

photon beam an8l.6 mm collimator cuts out- 4% of the photon beam.
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Figure 4.4: (top)R.,s measured for 3 different collimator sizes, (bottom)
Percent deviation from the uncollimated value.

4.5 Effects of collimator position misalignment

Figure 4.5 shows the position of the collimator on its ladd&sus run number. One can easily

see that the entire running period can be divided into twaigsoof runs. Group 1) with run

numbers from 4100 to 4295 with collimator an75” and group 2) with run numbers from

4502 to 5447 with collimator &t.02”. Keeping in mind the required precision tf; on the
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Table 4.2: Run summary of data used for tagging efficiendlynoator
size dependence test.

Run# | PS dipole current | Radiator | Collim. type | Collim. pos. | Beam Current
4549 -3005.14 A C 12.7 mm 7.021in 70 pA
4550 -3005.14 A C 8.6 mm 2.981in 70 pA
4551 -3005.14 A C NONE 0.0in 70 pA

photon flux, it is important to investigate the extent to whilke tagging ratios are affected by

this shift.
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Figure 4.5: Collimator position vs. run number.

44



The tagging ratios measured for five different positionsséy@vn in Figure 4.6 (top). Fig-
ure 4.6 (bottom) shows the percent deviation of taggin@saineasured at different positions
of the collimator, from the value which was measured withd¢b#imator in its nominal po-
sition (i.e.,at 7.02”). From Figure 4.6 (bottom) one can easily see that the shiollimator
position from7.02” to 7.15” (~ 3.3 mm) lowers absolute tagging ratios by abowtt%, hence
if needed runs 4549, 4326, 4327 can all be used when calogltte final tagging ratios to
reduce the the statistical error. One can also notice thgétdashifts in collimator position
result in~ 1.2% and more reduction aR,;,.

The running conditions for the test of ti{g)dependence of the tagging ratios on the

collimator position are presented in Table 4.3.

Table 4.3: Run summary of data used for tagging efficiendynsator
position dependence test.

Run# | PS dipole current | Radiator | Collim. type | Collim. pos. | Beam Current
4549 -3005.14 A C 12.7 mm 7.021in 70 pA
4326 900.7 A C 12.7 mm 7.07 in 70 pA
4327 900.7 A C 12.7 mm 7.15in 70 pA
4328 900.7 A C 12.7 mm 7.231in 70 pA
4329 900.7 A C 12.7 mm 7.271in 70 pA

4.6 Effects of HyCal scraping due to beam mis-steering (lintated beam)

As described in Section 2.1, the space between the PairrSpeter dipole vacuum window
and the face of HyCal is taken up by a helium bag. The HyCal leasntal opening to allow

the uninteracted beam particles to pass througGafmmaProfiler (GP) was installed directly

45



" ——T T T
@ - ]
[l L . L] i

o 0.94— L] ' —

n -
- i T - i -
0.92— 3 3 z : -
B ¥ I z ]
L i z : |
0.9 I S ]
B r i ]
o
0.88~ . . coll.pos.=7.02 |
B § : = coll. pos. =7.07 4
0.86— I v coll. pos. =7.15 ]
B i = coll. pos. =7.23 i
0.84— : + coll. pos. =7.27 -]
i R N B S S
0 2 4 6 8 10 12
- T-counter ID
>
c
- — T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T —
[<B]
=) &
© = lT ! 1% ]
_Z E 0 1 L I i ]
e - | 1Ly pot -
[F) - T %, {” 3 A
IS O I ]
2 1 —
8 2 I L 1t ] 11 b
: - t I I
= C i R S
= -3 ]
[@) C e coll. pos. =7.02 ]
© C = coll. pos. =7.07 ]
g -4 — v coll. pos.=7.15 ]| ]
= C # coll. pos. =7.23 ]
> C 2 coll. pos. =7.27 ]
o S ! ! ! . . . R
-O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12

T-counter ID

Figure 4.6: (top)R.,s measured for five different collimator positions
measured in inches. (bottom) Percent deviation from the
measurement taken with collimator in its nominal position
(7.02").

behind the calorimeter to monitor the shape and the positidhe photon beam during the
experiment. ldeally one would place the TAC right at the posiof the target but given the
technical constraints in case of PrimEx, the TAC was mountethe same moving platform

as the GP behind HyCal and was placed in the path of the phetam Interchangibly with
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GP to perform a normalization run. In this configuration fhfeotons must travel through a
4.15 x 4.15 cm? central opening in HyCal (see Section 2.5) before they carepistered in
the TAC. Consequently it is necessary to evaluate to whanexihe size of the HyCal central
opening and the alignment of the photon beam with respebtetéiyyCal axis affect the results
of normalization runs. For this purpose the direction of piton beam was purposefully
altered and the tagging ratios were measured. To allow fgetaartificial shifts in beam
position the collimator was retracted during this study.eDao the fact that this investigation
was done with uncollimated beam, it places an upper limit@namount of the photon beam
that can be cut by HyCal due to scraping. Because the GP wastatbon the same moving
platform as the TAC, photon beam position measurements pessible only before and after
a normalization run. In light of this, the study describedhis section should be considered
only as a qualitative exercise.

It was determined that in the absolute coordinate systerheof3P, the nominal photon
beam position isX,, = —0.83 mm andY,, = —1.45 mm. Figure 4.7 (top) shows several
measurements of tagging ratios with different beam passticRun# 4338 was taken with
the beam at its nominal position. For rgfd340 the beam was steered a little ovenm in the
positiveY” direction to(—0.93,4.09) mm. For run# 4341 the beam was &t-6.54, —1.23)
mm. During run# 4342 beam was gt-9.45, —1.52) mm —i.e., about8.5 mm off of its
nominal position. For rug 4343 beam was &6.12, —1.44) mm —i.e.,about6 mm off of its
nominal position.

This qualitative study indicates that the HyCal and the beaare not positioned ideally
with respect to each other. Ru#s4342 and 4343 indicate thata&.5 mm shift in the beam

position in the negative direction has the same effect oteitpging ratios as & 6 mm shiftin
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Figure 4.7: (top)Rk.,s measured for five different beam angles. (bottom)
Percent deviation from the uncollimated value.

the positive direction along th& axis. Also runs# 4340 and 4341 indicate a slight increase
(~ 0.23%) in tagging ratios when the beam is steebeaim in the positivel” direction or5
mm in the negativeX' direction.

The table below lists all other parameters of interest ferriims included in this study.
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Table 4.4: Run summary of data used for the study of taggifigjeficy
dependence on the beam position.

Run# | PS dipole current | Radiator | Collim. type | Collim. pos. | Beam Current
4338 900.7 A C NONE Oin 70 pA
4340 900.7 A C NONE Oin 70 pA
4341 900.7 A C NONE Oin 70 pA
4342 900.7 A C NONE Oin 70 pA
4343 900.7 A C NONE Oin 70 pA

4.7 Long and short term reproducibility with uncollimateedon

To test our ability to perform a consistent measurement@éatisolute tagging ratiof,soruse
we had back-to-back normalization runs which were takeg 80— 25 minutes apart. This
study includes runs numbeB22, 4323, 4324, 4325. The Pair Spectrometer magnet was

operating at- 900 A.

Table 4.5: Run summary of data used for tagging efficiencytsierm
reprodusibility test.

Run# | PS dipole current | Radiator | Collim. type | Collim. pos. | Beam Current
4322 900.7 A C NONE Oin 70 pA
4323 900.7 A C NONE Oin 70 pA
4324 900.7 A C NONE Oin 70 pA
4325 900.7 A C NONE Oin 70 pA

As can be seen from Figure 4.8, the study shows that all fows agree within the limits
of required precision and statistical errors.

The set of runs testing the reproducibility of absolute taggatios after long periods of
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Figure 4.8: (top)R.,s measured for four consequtive runs. (bottom)
Percent deviation from the mean.

time is 4551, 4324 and 4338. All of these runs were perfornietifierent values of the field
of Pair Spectrometer dipole{3000, 900 and0A).
Figure 4.9 (top) shows the absolute tagging ratios meadorethe first 11 T-counters.

These runs were taken 4 and half hours and days apart from each other (counting from
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run 4324). Figure 4.9 (bottom) shows the percent deviatioth® tagging ratio for each T-
counter from the relevant average value. The statisticak éor each point is on the order
of 0.2%. As seen from the plots, all three measurements are in veoy ggreement with
each other (better than3%). Note that since since all three measurements were takibn wi
different settings of Pair Spectrometer dipole, this staldp shows that there is no detectable
dependence of absolute tagging ratios on the magneticdielde PS dipole when using an

uncollimated photon beam.

Table 4.6: Run summary of data used for tagging efficienaglterm
reproducibility test.

Run# | PS dipole current | Radiator | Collim. type | Collim. pos. | Beam Current
4324 900.7 A C NONE Oin 70 pA
4338 ~0A C NONE Oin 70 pA
4551 -3005.19 A C NONE Oin 70 pA
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Figure 4.9: (top)R.,s measured for three runs which were spread in time
during our data taking. (bottom) Percent deviation from the
mean.

4.8 Effects of the PS dipole field with collimated beam

As was already demonstrated in Section 4.7, the PS dipdtetises no measurable effect on

the tagging efficiencies in the case of an uncollimated phdteam. Since, due to technical
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difficulties with the PS power supply, the normalizatiomsuwere performed at different
values of the magnetic field of the PS dipole, and the pradnatata for PrimEx were taken
with a12.7 mm collimator, it is important to investigate the effect bétmagnetic field on the
tagging ratios measured for a collimated beam. For thisgeep have selected rugs 4339

and 4326. The running conditions for these two data-setswaranarized in Table 4.7:

Table 4.7: Run summary of data used for tagging efficiencylipSle
field dependence test.

Run# | PS dipole current | Radiator | Collim. type | Collim. pos. | Beam Current
4339 0A C 12.7 mm 7.121in 70 pA
4326 900.7 A C 12.7 mm 7.07 in 70 pA

Note that the collimator position for these runs is différfom the nominalr.02” value.
There is about .3 mm difference in collimator position for rung 4326 and 4339, but as
demonstrated in Section 4.5 the effect of this shift is najdathan~ 0.2%; hence it can
be safely concluded that the strength of the PS dipole fiaklfo measurable effect on the

tagging ratios.
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Figure 4.10: (top)R.,s measured for two runs which were taken with
different settings of PS dipole magnet. (bottom) Percent
deviation from the mean value.

4.9 Absorption in the target

Some of the photons are absorbed in the target without pingaer’. Special TAC runs with
a carbon target placed in the beam were performed to stusletfdct. Figures 4.11 and 4.12

show a comparison of tagging efficiencies measured foetargruns to those measured for
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target out runs for measurements performed without and phititon beam collimation. Both
studies yield consistent results indicating tkas% of the photons are lost in the target.
Since PrimEx is aiming for a- 1.5% level absolute cross-section measurement, one has
to correct the yields for absorption of photons in the targéte main reaction of interest for
PrimEXx, - — ~v) and the consistency check reations (Compton effectand production)
are affected by the photon absorption in the target on diffefevels. The pair production
yields do not need to be adjusted for t& of the lost photon flux, since the attenuation of
the photon beam in the target is included in the simulatiee Shapter 7). In the case of the
Compton and Primakoff effects not only the primary photohddgo the secondary photons
can be absorbed in the target. Since the Compton scattarihg o°—production can happen
anywhere along the longitudinal direction of the targeg, tbsult of this study can be used to

set an upper limit on the effect of photon absorption.

Table 4.8: Run summary of data used for the study of photoarpben
in the target with no collimator.

Run# | PS dipole current | Radiator | Collim. type | Collim. pos. | Beam Current
4551 -3005.24 A C NONE 0.0in 70 pA
4736 -3105.43 A C NONE 0.0in 70 pA
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Figure 4.11: (top)R.,s measured for runs which were taken with target in
and target out. (bottom) Percent deviation from the
measurement obtained with physics target out; no photon
collimation.

4.10 Set of runs used to obtain the tagging ratios

| have selected rung 4549, 4552, 4553, 4554, 4555, 4652, 4737, 4774, 4964, 50d1 an

5277 as a set suitable for calculating the tagging efficgeswwhich have been used in the final
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Figure 4.12: (top)R.,s measured for runs which were taken with taget in
and target out. (bottom) Percent deviation from the
measurement obtained with physics target out; with photon
collimation.

photon flux calculation. All of these runs had the collimatothe same position of.02”
and about the same PS dipole curren8000 A. The only major difference in run conditions
was the beam intensity which was varied fratto 120 pA. With the exception of the beam

intensity, these are the same running conditions as thosieeof’—production data taking.
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Table 4.9: Run summary of data used for study of photon alisorm
the target withl 2.7 mm collimator.

Run# | PS dipole current | Radiator | Collim. type | Collim. pos. | Beam Current
4737 -3105.43 A C 12.7 mm 7.021in 70 pA
4735 -3105.43 A C 12.7 mm 7.021in 70 pA

The tagging efficiencies for these runs have been calallageng the procedure described in
Sections 4.1 and 4.2. The weighted means and the errors aveigbted mean, which was

determined based on the results of these measurementoare shTable 4.10.

Table 4.10: The tagging ratios used in the photon flux detsaition.

T-counter ID| Rusoute | Relative Stat. Error (%
1 0.8544 0.06
2 0.8795 0.05
3 0.8999 0.04
4 0.9175 0.04
5 0.9262 0.04
6 0.9326 0.04
7 0.9394 0.04
8 0.9452 0.03
9 0.9482 0.03
10 0.9510 0.03
11 0.9551 0.03

Copyright(© Aram Teymurazyan 2008
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CHAPTER : 5 RELATIVE TAGGING RATIOS

5.1 Relative calibration with pair spectrometer

As described in Sections 2.4 and 3.1, the Pair Spectrom&t@n iessential part of PrimEx
experimental apparatus designed for relative in-situ tooimg of the photon flux. The Pair
Spectrometer uses the experimental target to convert &idraof photons intae™e™ pairs

which are deflected in the field of a dipole magnet downstreathe target and are registered
in plastic scintillator detectors on both sides of the bdera- The relative tagging ratios per

T-countet are defined as:

) NPS_ .
R:”elative = % (51)

where N, is the number of electrons registered in T-couritend N2¥ _  is the number of
ete pairs registered by the PS in coincidence with an electrandounter;.

During our production data taking in Fall of 2004, we had ad@n,i.e. not related to the
particles in the beam, clock trigger set up to meas¥fg,,.... The use of the random trigger
enables one to directly count the number of electrons indgihg counters and it gives the

advantage of being insensitive to beam intensity varigtion

5.2 PS-Tagger coincidence window and background detetioma

The event times reconstructed in both Tagger and Pair Speeter are randomly distributed

in time due to the clock trigger. The difference of times dhieconstructed for the Tagger

1The T-counter as defined in Section 4.1, Figure 4.1.
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and the PS gives rise to a coincidence peak (correlation efiteMn Tagger and PS) and a

non-flat, triangularly shaped background. A sample timipgcsrum is shown on Figure 5.1.
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Figure 5.1: (a) Distribution of time differences for evergsonstructed in
Tagger and PS. (b) A close up of p&it) showing thet+3.0 ns
timing coincidence window.

By fitting a first order polynomial to the background on eaitle of the peak one can
easily see that the background can be treated as flat if wedumselves to a relatively narrow

region close to the peak (Figure 5.2).
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Figure 5.2: (a) Distribution of background evefitggger - P.S timing
spectra. (b) A close up of paft) showing thelOns timing
window taken for measuring the background.
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A 6 ns window (v,cqx), £3 ns around), is set up within which the number of entries is
counted (V;eak). To calculate the contribution of the background to thenévén the coinci-
dence region twouz = 40 ns) windows are taker,5 ns to55 ns to the right of the peak
and —55 ns to—15 ns to the left of the peak. The distribution of events in thasedows
is assumed to be flat, and number of background events penp)ng calculated using the

formula:

Integralies + Integral,igh:

B = 5.2
np 2wy (5.2)

Finally the number of coincidence evenf§/(* _ ;) is determined by:
Nelj:s;—-ei = Npieak - nZB Wpeak = N}ieakz - NZB (53)

whereNi = n'y wpear — is the number of background events in the coincidence negio

In general, taking the difference of two random distribngpdefined over the same in-
terval, results in a triangular shape distribution. Thieyides us with an exact background
model, which enables one to easily simulate the “backgraumg” part of the spectra for
study purposes. A result of such an exercise is shown on &g part(a) to demonstrate
the validity of the background subtraction procedure dbsdrabove.

For this study the range over which the random distributemesdefined was chosen to be

0 to 16000, i.e.,equal to thel6,s TDC window which was used in the experiment. The slope
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Figure 5.3: (a) Generated background timing spectra. (bpsecup of
part(a) showing thet+3 ns coincidence region.

of the sides of the triangle depends on the rates of the Taggkthe PS. For the purposes of
this simulation the Tagger was allowed to have upidits per event and the PS was allowed
to have up td hits per event. Figure 5.3 pait) shows a first order polynomial fit to the right
side of the triangle. Note that the slope of the generatadlalision is more than an order of
magnitude larger than the slope obtained from fitting thed experimental background (see
Figure 5.2). Such exaggerated slope should help to emghtmaveaknesses (if any) of the
background determination procedure in question. Figusepart(b) shows the coincidence
region with N5 = 8101.00 +90.10 generated background events. Figure 5.4 gaitsnd(b)
show the left and right background windows wit#010.00 + 232.40 and54190.00 + 232.79
events respectively.

Using Equation 5.2 and the values of the integral of eventisaneft and right background
windows, one can calculate the number of background eventse coincidence region to

be NL = 8115.00 & 34.86, which is in perfect agreement with the generated number of
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background eventd’y,.

5.3 Effect of Incident Electron Beam Intensity on Relatiagding Ratios

As discussed in Sections 3.1 and 4.3, the relative taggtngsralefined by Equation 5.1, can
be measured at low as well as at high electron beam intemsitireorder to justify the use
of the absolute normalization of the photon flux obtainedeat électron beam intensities for
the calculation of the number of tagged photons on target,ihportant to demonstrate the
independence of th&:_, on the electron beam intensity.

rel

In August 2002, theR! , was measured fromM.08 to 100 nA, the results for T-counter
3 are shown in Figure 5.5. The data points were fitted with st farder polynomial and as
can be seer’; is quite independent of the beam intensity (note thatXheaxis on top

plot is presented ihlog scale). The fit parameters for all the T-counters used inRthEX

experiment are listed in Table 5.1.
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Table 5.1: Fit parameters for different T-counters, rglatagging ratio
beam intensityif)dependence test

| T — counter # | p0 | pl | X /ndf |
1 0.004598 + 1.550 x 107> | 4.542 x 1077 £2.134 x 1077 | 5.218/6
2 0.004585 4+ 1.432 x 107° | 5.768 x 1078 £1.993 x 10~7 | 7.992/6
3 0.004528 +1.333 x 107° | 3.046 x 1077 £ 1.901 x 10~7 | 2.770/6
4 0.004425 4+ 1.597 x 107° | 2.100 x 1077 £2.192 x 107 | 12.790/6
5 0.004372 4+ 1.437 x 107° | 4.183 x 1078 £1.980 x 10~7 | 3.189/6
6 0.004249 + 1.431 x 107> | 1.947 x 1077 £ 1.984 x 1077 | 16.43/6
7 0.004104 4 1.495 x 107> | 5.934 x 107" 42.045 x 1077 | 3.927/6
8 0.003974 4+ 1.403 x 107° | 4.382 x 1077 £1.916 x 10~7 | 12.79/6
9 0.003859 4+ 1.283 x 107° | 9.129 x 1077 £ 1.789 x 10~ | 4.469/6
10 0.003685 4+ 1.390 x 107° | 6.149 x 1077 £ 1.911 x 10~7 | 11.55/6
11 0.003519 +1.190 x 107° | 8.079 x 1077 £ 1.677 x 10~7 | 10.56/6

In Figure 5.6 the relative tagging ratios are plotted verBusunter ID,i.e., photon en-
ergy, for the data taken in Fall of 2004, over the range ofted@cbeam intensities used in
the PrimEx experiment. The error on each point is not largant.1%. The shape of the
curve depends on the the setting of the Pair Spectrometeledipagnet and the geometrical
acceptance of Pair Spectrometer detectors. The pair ptioducross section is practically
constant at the energies that are of interest to PrimEx. GEAulations show the same

general behavior for the energy dependenc&of.

5.4 Run-to-Run Stability of Relative Tagging Ratios

As previously discussed, the relative tagging ratios havgetnot only intensity independent
but also stable from run to rumge., in time, to within1%. The time stability of the relative

tagging ratios measured by the PS justifies the use of aessggl of absolute tagging ratios
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Figure 5.5: (top) Measureft’ , for T-counter#3 as a function of nominal

rel

electron beam current. (bottom) The percent deviations fro
the mean for tagging ratio measurements made at different
beam intensities for the first eleven T-counters.

measured by the TAC for the tagged photon flux calculationséah, to achieve &% level
tagged photon flux measurement any deviation from the ndmalae of theR,., has to be
carefully investigated and if possible corrected. In thsl dhe next section the qualitative

analysis of the run-to-run stability of the relative taggmatios will be presented and possible
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Figure 5.6: R!_, measured for three different beam currents across the
focal plane of the Tagger. The radiator thickness duringehe
measurements wasx 107°X,.

sources for deviations will be discussed. For the purposthisfqualitative discussion the

data from all eleven T-counters were combined together badoart of the focal plane of

the Tagger that is of interest to the PrimEx experiment igteé as one single counter which
enables a reduction in the statistical error.

Figure 5.7 shows the time evolution of tiisom*ned - combined relative tagging ratio in
time. The two black solid lines on the graph represehf deviation from weighted average.
The weighted average for the runs with the carbon targetlsulzed based on runs with
run numbers less thet800 and for lead target runs the average was determined based on
the group of runs with Run Numbers frob050 to 5090 giving for lead runs an average of
0.00543505 + 0.042491% and for carbon runs an average(of0505767 + 0.028842%

It is easy to see that for the last group of runs (run numbéri 50), the relative tagging

66



7 F T T, o 00058 L B R
é_ 0'00535 Xo=5%'“C target é é_ 0.0057; X, = 5%2°%Pb target é
o 00052 1 & ooosef 3
0.0051~ E 0_0055; I é
0.005 E 0.0054F % gg ﬁ E
= B F If tog
0.0049— - 0.0053— =
F - radiator A ] B . ]
0.0048; . radiator B E 0.0052; - radiator B E
0.0047f~ E 0.0051~ =
4500 4600 2700 4800 4900 5000 5100 5200 5300 o w0 S0 5200 5300
Run Number Run Number
(@) (b)
Figure 5.7: Run-to-Run stability agcobined - relative tagging ratio
combined for eleven T-counters (a) carbon target. (b) lead
target.

ratio starts to fall off. The deviation is larger thaft and indicates that extra care is needed
when calculating the photon flux for this group of runs. | veitldress this issue in the next

two sections.

5.5 Inefficiency of Tagger

Before making any corrections one needs to investigatedghson for the drop in relative

tagging ratios on Figure 5.7. Thec"*"ed can drop due to a number of reasons:

1. The Tagger registers extra electrons which do not havagraphotons on our physics

target.

2. A part of our photon beam is being lost before reaching thesgs target (or TAC since

the same effect has been seen in absolute tagging ratios).

3. A combination of first the two effects.
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To investigate this drop in relative tagging ratios one aaoklat the ratio of the number

tagged pairs ) to the number of all pairs\ %% ) and at the ratio of the number of all

e""e -t

pairs (V£ ) to the number of electrons in the taggé¥y.
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Figure 5.8: (a) Run dependence of ol s s combined for eleven

T-counters.(b) Run dependence of 2“5 combined for
eleven T-counters.

Keeping in mind Figure 5.7, let us call run®47 — 4768 that were taken at 80 nA group
1, runs4978 — 5069 that were taken at 100 nA group2, runsb158 —5210 that were taken at
~ 130 nA group3 and runsh211 — 5242 that were taken at 110 nA group4.

In order to understand the beam intensity dependence @ théss, the weighted averages
were calculated for each group. The results are plotted ametibn of the electron beam
intensity in Figures 5.9, 5.10 and 52 1Note that the polarity of the PS dipole field was
flipped between runs in grougsand 2, thus the average values of only grouphs3 and4

should be compared to each other.

20n the next three plots groups 3 and 4 appear in reverse order.
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In Figure 5.9 there is a drop @f46% in relative tagging ratio between groups 2 and 3
(point at130 nA). Group4, however, is~ 1.00% lower than group 1 which indicates either a
drop in the number of tagged ¢~ pairs or an increase in the number of electrons registered

in the tagger, possibly both.
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Figure 5.9: R,..ive VS. beam current, combined for eleven T-counters
and averaged for all runs with same current. The drop in
relative tagging ratios reflects the change in number of
electrons in the Tagger.

PS
Figure 5.10 shows & 3.52% drop in NN}ig when going from groug to group3. Note

etTe™

that on this plot groug is ~ 2.24% higher than grou, which indicates that in Figure 5.9,
the drop in relative tagging ratios for grodps due to extra electrons registered in the tagger
PS )
which have nothing in common with tagged photons on our taijee overall drop |nNN+P7§
e+ef

can be explained by a drop in the absolute efficiency (hareévaad reconstruction) of the

tagging counters with an increase of the beam intensity.
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In Figure 5.11 | have plotted the ratio of the numberot~ pairs registered in the Pair
Spectrometer to the number of electrons registered in thgeta The plot shows & 3.16%
rise when going from group to group3, which again could be explained by inefficiency of

the tagger at high beam intensities.
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Figure 5.10: % vs. beam current, combined for eleven T-counters

and averaged for all runs with the same current, reflectieg th
loss of absolute efficiency of the Tagger.

5.6 Correction of Photon Flux for Affected Runs

Figure 5.7 par{a) shows that groups$ and3 of runs with the'2C target were influenced by
extra electrons (found to be correlated with presence afldeather Halls) in the tagger. The
qualitative study presented in Sections 5.4 and 5.5 ineléctiitat those electrons do not create
bremsstrahlung photons on our target. Hence, we need teatdlre number of electrons in

the tagger when calculating the photon flux for the affectetsr
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For carbon target runs, the nominal values of the relatiggitay ratios were obtained by
calculating the weighted average for each of eleven T-avanRuns numberetd)78 through

5069 (group2) were used for this purpose and the results are presenteabie 5.2.

Table 5.2: The nominal values &f

rel

for runs with carbon target.

| T — counter # | R!

rel

| error(%) |

1 0.00387 | =£0.118
2 0.00421 | +£0.107
3 0.0046 | =£0.091
4 0.00498 | +0.109
5 0.00525 | =£0.102
6 0.00552 | +0.098
7 0.00571 £0.1

8 0.00569 +0.1

9 0.00550 | =+0.094
10 0.00525 | +£0.097
11 0.00501 | =£0.092
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Correction coefficients have been obtained by averagiagetative tagging ratios for the
runs in the group8 and4 (for each T-counter) and normalizing the weighted averatgive
tagging ratio for each group to the nominal value for the eetige T-counter. The results are

presented in Table 5.3.

Table 5.3: The correction factors for carbon target runsugs3 and4.

| | Group 3 | Group 4 |
T — counter # | R, error(%) | R, error(%)
1 1.00051 | £0.213 0.99631 | £0.246
2 0.99599 | £0.195 0.99049 | £0.224
3 0.99387 | £0.168 0.98692 | £0.192
4 0.98801 | £0.198 0.98601 | £0.228
5 0.994 +0.184 0.99091 | £0.212
6 0.99339 | £0.178 0.98839 | £0.204
7 0.99617 | £0.18 0.988 +0.207
8 0.99438 | £0.181 0.99104 | £0.208
9 0.99251 | £0.171 0.98675 | £0.197
10 0.99347 | £0.177 0.99386 | £0.203
11 0.99591 | £0.168 0.98115 | £0.193

From Figure 5.7 part (b) one can see that there are threaclistinning periods for the
lead target. Let us call runs numberEh0 and less group, runs numbered frori070 to 5155
group2 and runs numberes50 and up grou. Using the same method as described above
for runs with the carbon target and information from groume can obtain nominal values
of relative tagging ratios for lead target runs (see Tabth.5And based on these nominal
values, one can calculate correction factors for group 1gradp 3 of the lead target runs (see

Table 5.5).

72



Table 5.4: The nominal values &f

rel

for runs with the lead target.

‘ T — counter # ‘ R, ‘ error(%) ‘
0.00415 | =+0.167
0.0045 +0.152
0.00493 | +0.131
0.00531 | +£0.155
0.00563 | =£0.143
0.00591 | +£0.139
0.00615 +0.14
0.0062 +0.14
0.00602 | +0.132
0.00575 | 40.136
0.00549 +0.13

=
D5l o|oNo|o & w| N -
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Table 5.5: The correction factors for the lead target runsugs1 ands3.

| | Group 1 | Group 3 |

T — counter # | R, error(%) | R, error(%)
1 0.9943 | £0.3 0.99213 | £0.239

2 0.99764 | £0.272 0.99616 | £0.218

3 0.99593 | £0.233 0.99234 | £0.187
4 1.00252 | +£0.277 0.99312 | £0.222

5 0.99283 | £0.258 0.98806 | £0.206

6 0.99997 | £0.249 0.99365 | £0.199

7 0.99954 | £0.251 0.99083 | £0.201

8 0.9937 | £0.252 0.98926 | £0.201

9 0.99819 | £0.237 0.98833 | £0.19

10 0.9962 | £0.245 0.98888 | £0.196
11 0.99683 | £0.233 0.99103 | £0.186

Copyright(© Aram Teymurazyan 2008

74



CHAPTER : 6 NUMBER OF PHOTONS PER RUN PER T-CHANNEL

6.1 Detector Rates, Electron Counting

As discussed in Section 3.1, an important component in tzlog the photon flux is counting
the number of electrons that potentially would be deteciethb tagger.

For most tagged photon experiments at JLab including Pringbotons are produced
at a rate far greater than is practical for measuring diyegth the data acquisition system
(DAQ), with the exception of TAC calibration runs where tltegas are lower by a factor of
one thousand.

Traditionally, to measure normalization, hardware s#ee used to count the number of
hits in a particular detector. Scalers have the advantadeeioy able to count virtually all
the hits from a detector. Also using scalers to measure thecte rates can automatically
account for beam-tripg,e. uncontrolled beam intensity drops or spikes, providing tha
scalers count signals from a beam related source, whichnargekis very beneficial. However
the triggering scheme used for the PrimEx experiment andatyged nature of the® yield
that we are extracting makes the hardware scaler methottactate exactly due to the fact
that scalers would count all the hits in the tagging counters

The primary trigger for the PrimEx experiment is formed byoancidence of signals from
the HyCal and the Tagger. If the total energy deposited ircgherimeter exceeds a threshold
of 0.5 GeV and there is a signal available from the tagger, a trigggral is formed which tells
the DAQ to read out all the channels that have non-zero irdétion (HyCal, Tagger, P8&tc).

It is much more efficient to use the HyCal-Tagger coincideas@ primary physics trigger.

Using the tagger signal alone would flood the data acquisdige to the high rate of tagging
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counter signals, most of which represent photons whichgassed through the target without
producing ar’. Figure 6.1 illustrates the basic ideology behind the primtagger setup for

PrimEx experiment.

Figure 6.1: Trigger setup schematic

The PrimEx DAQ primarily utilized LeCroy 1877 TDCs. These C®have a maximum
range of32 us and double pulse resolution ef 20 ns. The LRS1877’s are multi-hit TDCs
with the capability of storing up to 16 hits per trigger eveetr channel in a LIFO (Last In
First Out) mode. The range of the TDC and the LIFO limit aregoaonmable and for the
PrimEx experiment were set ti® ps and10 hits, respectively. For more information on the
specifications of the LeCroy 1877 TDC module see Appendix @i&e C.1. If the rate of a
detector is too high, the older hits are overwritten by maeent ones due to the LIFO limit.

Since only a timing coincidence is required between HyCa aagger MOR (OR of
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eleven T-counters) signals to form a trigger, there arestBoenarios of losing tagged yield

due to the TDC dead-time (double pulse resolution) and LRt

1. An entire event is lost due to TDC dead-time,, there was no signal from tagging
counters to form a coincidence with HyCal signal but dataugitjon is ready to take
data. From the stand point of photon flux calculation, thisecs very similar to the

situation where the DAQ is busy reading out data and is na@tatg any triggers.

2. A photon is lost due to TDC dead-time but a coincidence aitlar photon from a
different tagging counter with a HyCal signal forms a trigged an event is read out.
If a ¥ is reconstructed in such an event, it will not satisfy thergpeconservation

condition and will not contribute to the taggef yield.

3. A photon producing a’ may be lost due to the LIFO limit but the triggering condition
might be satisfied by a signal from another tagging countest like in the previous

case such events will not contribute to the tagged yield.

The three situations presented above lead to the concltisadrthe photons that are un-
tagged due to TDC dead-time or LIFO limit have no means toyced tagged pion.

It is worth noting that the majority of the inelastic pionsqps not satisfying the energy
conservation condition) are produced by low energy photehikh are out of the tagging
range of interest and are recorded in the data stream aslbaksccidental timing coincidence
with a photon in the high energy region of the tagger (firsteheT-counters),e.,the majority
of inelastic events are not a result of TDC dead-time or LIFat!

As discussed in Section 3.1, to extract the neutral pionwadlie is interested only in the

number of tagged photons on the target which have the pateatproduce a tagged’. The
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taggedr’ yield automatically includes in it the effects of TDC intsio dead-time, LIFO limit
and the DAQ readout/dead-time, hence; it is not necessargrtect for the number of the
tagged photons lost due to these effects.

The rate of tagged photons can be determined from the tinmfogmation, recorded by
tagging counters, via sampling of the number of hits for alkfnaction of the time. An
assumption is then made that these samples are repregerdhtihe detectors’ responses
for the times when no data are recorded. This can be used tapeiate to all times in
order to determine the total number of tagged photons repted by a given data sample.
Since one is interested in the number of tagged photons #vwat the potential to produce a
taggedr?’, the timing information from only fully reconstructed hitsthe Tagger need to be
considered and not just the raw TDC response. A fully recangtd hit requires a timing
coincidence between the left and right PMTs of a T-countat &éne simultaneously in time
with a hit in an E-counter. The coincidences between “E-" ‘@itl counters are also subject
to a geometric matching where the two counters are requarde ton an electron trajectory
which is consistent with the magnetic optics of the Tagger.

The LeCroy 1877 TDCs that the T-counters were equipped vadrated in common stop
mode during the PrimEx experiment. A T-counter signal passugh a constant fraction
discriminator and then is splitinto two signals. One sigeli§ the TDC to start a clock and the
other signal passes through E-T coincidence/MOR modulsuving a coincidence between
the left and right T-counter PMTs and an E-counter has oedyithe MOR module sends a
signal to the trigger supervisor when any E-T coincidencelieen obtained. If a signal from

HyCal is in coincidence with the MOR signal, the trigger swmor sends a common stop
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trigger signal to all electronics involved in the DAQ to stopunting. Figure 6.2 shows an
example of a timing spectrum of hits reconstructed for algiffgcounter in the Tagger. Note
that the X'-axis in Figure 6.2 parfa) is presented on a log scale. The peak in the timing
spectrum at around00 ns corresponds to the time difference between the two sghiats
from a single T-counter,e., is associated with the events when this particular T-caumées
involved in the trigger. The flat accidental background cerfrem signals that were not
involved in the trigger but were accidental hits recorde@ do the common stop/multihit

nature of T-counter TDCs.
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Figure 6.2: (a) Time spectrum of hits reconstructed for glgiff-counter.
(b) A close up of parta) illustrating the drop off of the
number of hits due to LIFO limit.

200 H

One obvious effect seen in Figure 6.2 pdrx is that the number of hits trails off on the
right side of the spectrum due to the LIFO limit. Since durthg PrimEx experiment the
LeCroy 1877’s were used in a common stop mode, earlier timeedhe right and later times

are to the left in this plot. The LeCroy 1877 TDC will alwaypaet the latest hits. Thus when

1See DAQ setups schematic on Figure 6.1.
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the LIFO fills up, the earlier hits are overwritten by lateresn

The photon flux at the target as a function of energy is detethby means of sampling
the “Out-of-Time” (OOT) electron hits in the Tagger T-coard. The term “Out-of-Time”
electron refers to any fully reconstructed electron whiaswot involved in the formation of
the trigger signal. The idea is to simply count the numberitf im a particular T-counter
within some user defined time window and divide by the size of the time window. Since
even high rate detectors on average tend to have only a fewpéitevent, it is necessary to
integrate over many events to obtain an accurate value éoratie.

An important thing to keep in mind when counting hits is tocdisl hits that could be
associated with the trigger. Hits which are correlated wiité trigger are biased and will
artificially increase the calculated rate. The OOT windawshould be defined in such a
manner that it does not include the trigger coincidence pegion but can include areas both
before and after the trigger peak. The rate sampling teciawgth the described triggering
scheme is potentially vulnerable to beam intensity vasraisince it will tend to sample more
often when the beam intensity is higher.

To ensure that the calculated rates are not biased by beamsityt variations for the
PrimEx experiment, in addition to the primary “physics'gger the DAQ read-out was trig-
gered by al95k H = clock which is completely uncorrelated with the electromeintensity.
The clock triggers are pre-scaled so that the data are doeditgy events of physics type that
are of interest. The pre-scale factor depends on the etebam intensity and on the type of
the data taking run,e., pion photo-production, Compton effect or pair productibigure 6.3

shows a sample timing distribution for hits reconstructed isingle T-counter recorded with
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the clock trigger. As in case of Tagger MOR-HyCal coincidetrigger one can see a deple-
tion of hits due to the LIFO limit starting at around ps, but the peak characteristic to a beam

related trigger is missing due to the absence of triggerrbearrelation.
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Figure 6.3: Timing spectrum of hits reconstructed for a Enigcounter.
These data were taken with clock triggers

The same OOT windows, shown on Figure 6.3, is used when calculating the rates with
either clock or physics triggers. It was chosen to7s for all T-counters spanning from
500 to 7500 ns and thus avoiding the coincidence peak in case of MOR-Hg@acidence
trigger and the region affected by LIFO limit for both trigge Extra effort has been put into
checking that the distribution of hits inside the OOT windisvlat. Any deviation from a flat
distribution inside of this window is indicative of a poteitproblem.

Following the above described recipe for an electron ral@utation we have:
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pil= e (6.1)

W * Nyrigger
wherer? is the rate of T-countei; n’ is the number of hits within the OOT window of width
andn;gzqer NUMber of times the T-counteccould have had a hit,e.,the number of triggers.

Equation 6.1 assumes Poisson statistics for “out of timettebns and it means that we
assume constant electron rate per T-counter.

The PrimEx experiment used a second generation of the JLsigrassl Trigger Supper-
visor (I'S) module [29]. This module is designed specifically to oprienevent rates for
Fastbus and VME based DAQ systems like those commonly usedemmediate and high
energy physics experiments. One new feature in the secoreta@ieon model is the inclusion
of two scalers dedicated to measure the live-time of the DBQh scalers are driven by a
195.3160 £+ 0.0045 kHz internal clock. One of this scalers is live-time gatedle/the other is
free-running. The ratio of the two gives the fractional e of the DAQ.

In reality one is really only interested in the final numbeitlod hits a detector has seen
during the live-time of the data sample. This can be obtairsdg only the live-time gated
scaler to calculate the actual live-time as shown bel@ythe free running scaler is not really
needed since both the’ yield and the photon flux are affected by the DAQ dead time én th

same way:

irlive = Ngated * ﬂ (62)

wherengq.q IS the number of scaler counts from the gated TS scaleriaad L

clock frequency’

i.e., = 5119.9083 + 0.0002 ns.

Given Equation 6.2, the total number of electrons that hassed through a T-countér
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during the time the DAQ was live is expressed by:

NeZ =r- ﬂive = —" Ngated * ﬁ (63)

W - Ntrigger

The number of tagged photoﬂ@’ per T-channel can be calculated as:

N! = N!-R; (6.4)

absolute

where N! is the number of electrons per T-channeind &,

absolute

is the tagging ratio, which
is determined in the TAC analysis.

The rate calculation method described in this section isesones called the “Integral
Method” for electron counting by sampling out of time hitsa Alternative method as well as

the advantage of the “Integral Method” for the PrimEx expemt are discussed in Section 6.4.

6.2 Beam Trip Accounting

As previously mentioned Equation 6.1 is valid only in theecaga constant rate. Also since
the live-time of this experiment is measured via two scaldih are driven by a clock rather
than a beam related source, any uncontrolled variationsafibcurrenti.e. beam trips, must
be properly identified and discarded during the data araly3ine of the scalers is free running
and the other is DAQ live-time gated. The values of thesesssalre read out with every event.

If we denote the reading of the free running scaler duringierdy n’;éree, and the reading of

k—1

k—
free . ; )

- - _ k
the live-time gated scaler by}, thenAn ... — Angareq = 1, — 1 gated — Mgated

gives us the absolute measure of DAQ dead-time per evenaiarsmunts. Figure 6.4 shows

a histogram of this quantity and suggests that the DAQ foPthmEXx experiment to a very
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good approximation has a fixed dead time per event 6f4 scaler counts (or 28us) if the

rate of events is constant.

T T T T T T T

T T T
X2/ ndf 2.44e+04 /6

16° ; Constant 5.1e+05t 7657;
E Mean 5.388+ 0.001 3
B Sigma B
10 = g 0.4119+ 0.0004 -
10° =l =
10° ] E
10 H =
l E 1 1 1 1 l 1 1 l 1 1 1 1 1 I
0 20 40 60 80 100
AI’lfree - Angated

Figure 6.4: DAQ dead-time per event for run 5159

Figure 6.5 is a screen-shot, taken during Fall 2004 PrimBring period, illustrating the
scale of time over which the beam intensity and position elegirvely stable.

To simulate a constant electron rate a run is divided intosfa@nd time intervats Having
a fixed dead-time per event, one would expect a constantifivefor the DAQ if the rate of

Angated

events is constant. Figure 6.6 shows the fractional lineeti.e. the ratioW, where
corresponding increments &n .., and Any,.. are calculated with respect to the start and
end of each five second interval. As one can see there are sttoalipeaks at- 0.96 and at

~ 0.999 corresponding to “normal” and “no-beam” running condisaespectively.

Figure 6.7 shows the correlation of the fractional livegimith the number of electrons

2Hereafter when talking about run intervals a five second lategval should be understood unless otherwise
stated.
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Figure 6.5: A snap-shot of a screen in the experimental obraom
during the PrimEx run showing: beam current (greenpeam
X position after HyCal (blue)y beamY position after HyCal

(light brown),e~ beamX position before radiator (dark
brown) ande~ beamY” position before radiator (pink)

in one of the T-counters, which is in turn proportional to #lectron beam intensity. From
this plot it is obvious that whenever the intensity of therbedrops the live-time rises and the
increase in electron beam intensity corresponds to a dr@Aqf live-time. This observation
enables the use of a very simple scheme for identifying tlaerbeips and eliminating them
from the data sample. For each of the runs, a histogram didraa live-time is fitted with a
Gaussian to find the nominal value for the live-time. TheJwatth o of the Gaussian is used
to identify a region of widti2m - o. Any five second long interval of the run with fractional
live-time outside of thetm - o region centered on the nominal value is discarded, whei®

a parameter and can be varied for optimization. Cuttingmiervals where the beam intensity

has dropped to zero has no effect on the statistics of theriexget and only discarding the
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Figure 6.6: Fractional live-time for run 5159.

intervals where the beam intensity has spiked will redueedtiatistics. This scheme, with

m = 3 has been used to mark the intervals good (green) or bad (rédigure 6.7.
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Figure 6.7: (a) Correlation of fractional live-time and nioen of
electrons in T-counte#4. (b) A close up of part (a).

86



The rate of electrons for each five second interval can beulzdtd. Two histograms
of rates of five second intervals of run number 5159 are showirigure 6.8. The green
histogram, with mean value a@f11 a.u. corresponds to intervals that passed3iheut on
live-time histogram (see Figure 6.6) and red the histognaith mean atl.04 a.u. and most

of its enteries ab due to lack of beam, corresponds to intervals outside o3sheut.

T T
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16 Mean 4.41% 0.004608 —
RMS 0.1118 0.003258 -
14 Integral 589 ]
X2/ ndf 115.8/ 103 .
12 Constant 9.349%+ 0.627 =
10 I\/I_ean 4.413 0.005 ]
Sigma 0.1045t+ 0.0060 .
8 Entries 557 —:
Mean 1.04+ 0.06683 .
6 RMS 1.577+ 0.04726 -
Integral 557 3

rate [a.u.]

Figure 6.8: Number of counts in T-countgb per trigger recorded in a
7 us window for run 5159.

The number of tagged photon§ per T-counter is calculated for each five second interval

and the total number of photons is obtained by summing oVertalvals.

N'Zy = Z Ni, id — fzbsolute ) Z Nei, id — R(izbsolute ’ Z(T ) Eive)id (65)
id id

id
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6.3 Photon flux per E-channel, ET matrix

Equation 6.5 allows one to calculate the total number of @édgghotons that have passed
through T-countef during the DAQ live time per running period. To obtain a tatarmal-
ization for the run, one can sum over all T-counters. Howeawer binning of the photon flux
according to T-counters is not useful for any kind of energgehdent study. Given the defini-
tion of T-counterd, they do not overlap, meaning that no photon shares two Titesst And
by the definition of E-channels no two channels can shareaime ohoton. Two T-counters,
though, share some of the corresponding E-channels due tgetbmetry of the Tagger and
multiple scattering of the electrons, which creates oygriag energy acceptances of the T-

counters. Figure 6.9 illustrates the correlation of theotlhtters and E-channels.

22 T T T I T T T N T T T N T T T N T T TH| w
2 G

18
16
14
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10

T-counter ID (i)

o NN
e
il
| 1 I 1 1 1 l 1 1 1 l 1 1 1 l 1 I
2

0 40 60 80 100
E-channel ID (j)

E\H‘\H‘H\‘H\‘H\‘H\‘H\‘H\‘H\‘\H

o N B~ O

Figure 6.9: E - T matrix, showing the correlation of hits ircdunters to
the hits in E-channels.

The 2-D histogram in Figure 6.9 is obtained from real data.

3For the definition of T-countersge. combined T-channels, see Figure 4.1.
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Introducing “E-T” coefficients:

Cvi =

(6.6)

ni
where: n' is the number of electrons that are registered by T-couraed /! is the number
of electrons registered by T-countethat were also registered by E-chanpeDefined in this
manner (7! is the probability of an electron that was registered by inter; to be registered
by E-channejj. Note that by definitiory . C*/ = 1.

One can easily rebin the photon flux into E-channel bins:

NI => ¢ N (6.7)

whereNg is the number of photons in E-channelnd N;' is the number of photons in T-
counter;. Having the flux binned in E-channel bins one can obtain eyithon-overlapping
energy binning by combining E-channel bins.

Note that the®7* coefficients depend on the efficiency of the E-counters, buiad depend
on the efficiencies of T-counters. To ensure a proper triamsitom T-counter binning of the
photon flux to E-channel binning, frequent recalculatiorCéf coeffcicients is needed, since
the efficiency of E-counters might change over time and/pedding on running conditions.

For the PrimEx experiment the E-T coefficients are recatedl@avery run.

6.4 Error Analysis

The photon flux calculation for the PrimEx experiment is donévo stages. First the abso-

lute tagging ratio is extracted from TAC runs, and then theber of electrons in the run is
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calculated. The number of the tagged photons is determicaat@ing to Equation 6.4. | will

discuss the error evaluation in the same order.

Error in absolute tagging ratidi,,s.uie):  Since the numerator and the denominator of the
absolute tagging ratio (see Equation 3.2) are not indepentiee ordinary formulas for er-
ror propagation cannot be used. The error in absolute tgggitio for each run and each
T-counter is calculated according to Equation A.4. As hasaaly been discussed in Sec-
tion 4.10, the results from eleven runs were combined byuwtating the weighted averages
following Equations B.1 and B.2 to obtain the absolute taggatios applied throughout the
data-set (see Table 4.10). It is worth noting that the steailserror on absolute tagging ratios
is not larger tham.06%.

The effects that can change the tagging ratios are the beasrand the room background
(which in turn is dependent on beam tune). Itis impossibktdy one effect without chang-
ing the other. Keeping this in mind, let us take a closer lootha systematic effects that are
reflected in the values of absolute tagging ratios discussé&hapter 4: the scraping of the
beam on collimator, the scraping on the HyCal and the reqibdity of the absolute tagging
ratios.

The calibration runs with the TAC are performed at a reducgenisity and the position
control at typical intensities of TAC runs ef 80 pA is poor. The desired beam position is set
prior to reducing the beam intensity but the possible fluitns of the beam position cannot
be controlled during the measurement.

The study of photon beam obstruction by HyCal described oti&e 4.6 was performed
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with an uncollimated photon beam. The relative values ofutheertainties obtained as stan-

dard diviations are shown in Table 6.1 for different T-carrst

Table 6.1: Relative uncertainity in tagging efficiency daéiyCal
scraping in case of beam mis-steering.

TcounterID| 1

2

3

4

5 6 7 8 9 10

11

Error (%) 0.18

0.04

0.37

0.35

0.01 {0.23]0.12]0.18 | 0.04 | 0.27

0.12

The beam was steer&dnm in the positive Y o mm in the negative X directions off the

nominal position at the profiler to observe this chang®jip...... As seen on Figure 6.5 and

from the analysis of beam position stability[30] thenm, measured by the Gamma Profiler

behind the HyCal, is an artificially large shift in photon beposition. This study places an

upper limit of~ 0.35% on the uncertainity of absolute tagging ratio due to scrgpirHyCal.

Short and long term reproducibility studies (see Sectiaf) 4f absolute tagging ratios

with an uncollimated beam vyield the following uncertaiegiin absolute tagging ratios for

different T-counters:

Table 6.2: Relative uncertainity in tagging efficiency daehort and long
term reproducibility.

Tcounter ID

3

10

11

Error (%)
short term stability,

0.30

0.25

0.13

0.15]0.120.22 | 0.22 | 0.10 | 0.13

0.06

0.11

Error (%)
long term stability

0.04

0.14

0.29

0.16 | 0.07 | 0.30 | 0.18 | 0.14 | 0.06

0.06

0.07

Since the reproducibility studies were performed with acalimated beam, the only

possible obstruction on the path of the photons is the Hyi@ahce the reproducibility studies

address the effects of room background and HyCal scrapiagadobeam position fluctuations.
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The uncertainity in absolute tagging ratios0f0.30% resulting from this study is consistent
with the upper limit of uncertainty obtained from the HyCataping study.

During the PrimEx data taking, the photon beam was collichaiehe nominal value of
7.02" for the position of thel2.7mm collimator was determined by moving the collimator
in the horizontal direction while the beam position was fixéss described in Section 4.5,
changing the collimator position by 1.3 mm to7.07” has noticeable effect®n the absolute

tagging ratios (see Table 6.3):

Table 6.3: Relative uncertainity in tagging efficiency daeollimator
scraping in case of beam missteering

TcounterID| 1 2 3 4 5 6 7 8 9 10 |11
Error (%) 0.46 | 0.12 | 0.08 | 0.36 | 0.31 | 0.32 | 0.34 | 0.21 | 0.11 | 0.35 | 0.15

The results of this study indicate that if the position of beam would change by 1.3
mm with respect to the collimator that would result ia0.45% change in the absolute
tagging ratios. Since the reproducibility studies werealaith an uncollimated photon beam

this needs to be included in the final error®f;soiute -

Error in number of electrons per rui{): To calculate the number of electrons per run the
number of electrons is first calculated per interval of a roocading to Equation 6.3 which

can be re-written in the following form:

Ne, id — Tia * irlive, id = Tiq * Ngated, id * ﬁ

Leading to an error:

4The deviations measured with collimator7at5” (a shift of~ 3.3 mm) are very similar.
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The error ing was determined from the specifications of the JLab seconérggan
Trigger Supervisor module and also via direct measurem&uth methods yield a value
of ~ 4 x 107% % which is negligible.

The error inngq.q is purely statistical in nature. The PrimEx experiment rathvidAQ
live-time greater thaf4%, and given the frequency of the clock driving the gated arghted
scalers, the error in .., for a five second interval of a run is on the ordendaf3% or smaller.
This error can be further reduced by combining data intorvatis longer thard s.

In any given time intervalv, the probability of observing any specific number of counts
x; IS given by the Poisson probability function, with meapn = r - w, where the subscript
indicates that these are average values for the time inteflangthw andr is the average
rate of counts. Thus, if one makesneasurements of the number of counts in time intervals
of fixed lengthw, we expect that a histogram of the number of countsecorded each time
interval would follow the Poissonian distribution with a arg:,,. The mean valug,, can be
obtained by fitting the histogram. Also it is known that thexmaum likelihood value ofu,,

of the Poisson distribution of which the are representative is given by:

SRS

fhp = Ty =

Z i (6.9)

Using the fact that the varianee for a Poisson distribution is equal to the megh =

Hw = fl,, the uncertainty in the mean,,, can be obtained using Equation B.2:
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Usually, as in case of the PrimEx experiment, one is intetest the average number of

counts per unit time:

r=He (6.11)
w
with uncertainity:
w 1 w
dr =2 = = [t (6.12)
w w n

The above described procedure for obtaining the rate atwdoants are detected is some-
times called the Poisson method for rate calculation.

Using the terminology introduced in Section G.1= ny,.;g4- and Z?j{gg” r; = n. one

n

~—, i.e. the Integral
gger

W Ntrq

can see that Equation 6.11 is identical to Equation 6.1 #th-

method for rate calculation is a limiting case of the Poiss@&thod. The fact that the Integral

method does not require any fitting and is much faster makesytattractive.

Combining Equations 6.11 and 6.12 one Has= \/}1_ for the relative error in rate calcu-
lation which can be used in Equation 6.8.

Figure 6.10 shows the distribution of number of counts witht ;s window recorded per
trigger event in T-counte#5. This is a typical distribution accumulated over a 5 seconel
val of a~ 100 nA run. One also can see that the results of a Poisson fit aerfiegh agreement

with the mean value and the integral of the histogram obthasearithmetic average, which is

equivalent to agreement between Integral and Poisson aetborate calculation.
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Figure 6.10: Distribution of number of hits per trigger evenT-counter
#5 for run 5159.

As discussed in Section 6.1, the electron counting for thenPx experiment is done
with two independent triggering schemes. The samplingriieele for rate calculation can be
biased if the beam intensity is changing with time and thepdisg rate is intensity dependent
as is the case with using the physics trigger and out-of-hitee The level of beam intensity
variation is controlled by dividing a run into five secondantals. Figure 6.8 shows that after
discarding the beam trips the rate in the T-counters, wisgroportional to beam intensity, is
not changing more thah— 7% for the entire duration of the run. Assuming that the T-ceunt
rates, within five second intervals, are at least as stal#ecan use Equations F.5 and F.7 to
evaluate the error arising from oscillating and/or driftibeam intensity to be on the order
of ~ 0.74%. Comparing the results for electron counting from biasegspis and unbiased
clock triggers one has a difference on the orderod.77% which is easily explained within

the limits of the qualitative exercise of Appendix F. In thesance of a precise model/picture
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of beam intensity time dependence, it will be fair to atttéda0.80% systematic error to the

electron counting techique.

Putting it all together Having calculated the error in numdieelectrons per 5 second inter-

val of a run, the error propogation is straightforward.

() 7 T 5NZ 6R(izbsolu e ’ 5Né ’
N’y = Rabsolute ) Zd ‘]\'fe7 id = NZ"Y = \/(Rit) + ( Ni ) (613)

i
y absolute e

where:
N, = ZNé a = 0N = Z (Ve id)Q (6.14)
id id
and:
| | SNI 1 Mngated, ia\’
N =1 Npwred. id - = SR . g 6.15
e, id Tid * Ngated, id ﬂ N; id \/n; id * < Ngated, id ) ( )

Equation 6.13 gives the number of photons and its error payuhter. Redistributing the
photon flux into non-overlapping energy bins according to&pn 6.7 introduces additional
error which can be accounted for by adding it in quadratueetdithe multiplicative nature of

“E-T" coefficients:
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NI =S"CH.ND = 6ND = \/Z{(N;‘-dcwf +(Cani)’h (6.16)

7 7

where N/ is the number of photons per E-chanpeind “E-T” coefficientsC/* are defined
according to Equation 6.6. Due to the correlated natureehtimerator and the denominator
of Equation 6.6 the erratC’¢ of “E-T” coefficents has to be calculated according to forasul

derived in Appendix A.

6.5 Summary

Given the above considerations the flux error budget is dsvist

Effect Error (%)
Leakage current correction < 0.3
Statistical | Rpsorute (TAC) < 0.06
Electron counting statistics run dependentsgnall
Electron counting systematics 0.80 (conservative)
Systematic Rpsoute reproducibility 0.30

Beam position/collimation effect oRpsopute | 0.45

Absorption in TAC runs negligible

Total ~ 1.0

Copyright(© Aram Teymurazyan 2008
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CHAPTER : 7 APRECISION MEASUREMENT OF PAIR-PRODUCTION
CROSS-SECTION

7.1 Motivation

The goal of the PrimEx experiment, to measure the crossesefdr the photo-production of
neutral pions in the Coulomb field of a nucleus with a premisf~ 1.4%, sets unprecedented
requirements on the photon tagging technique in regardseta¢termination of the absolute
tagged photon flux.

The PrimEx experimental setup, with its new state of the gotrild calorimeter (HyCal),
provides a unique opportunity to verify the flux normalipatprocedure, described in previous
chapters, by measuring the absolute cross-section forls&km@lvn electromagnetic process,

such as{* e™) pair-production, without any additional hardware deypehnt.

7.2 Theoretical considerations

Cross-section calculations for the photo-productioa’of~ pairs oni>C' at photon energies of
a fewGeV and small momentum transfgg| ~ 10 keV relevant for the PrimEx experiment
were provided by A. Korchij31]. The detailed discussion of the calculations is owsifl
the scope of this dissertation, however for completenessmargry of different contributions

included in the cross-section calculation is given belowecreasing order of significance:

e Bethe-Heitler mechanism for pair production on the nuc[@6% Two models, Thomas-
Fermi-Moliere [32, 33] and Hartree-Fock [34], for the atarform factor describing the

charge distribution of electrons were considered to actfmurscreening effects due to

IA. Korchin, Kharkov Institute of Physics and Technologyafkov 61108, Ukraine.
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atomic electrons. The Coulomb distortion effects have beeluded according to the

work of Bethe and Maximon [35] (contribution to the&e~ cross-section of 80%).

e Pair production on atomic electrons taking into accoungtt@tation of all atomic states
and correlation effects due to presence of other electrodgte nucleus (contribution

of ~ 20%).

e QED radiative corrections (of order/ with respect to the dominant contributions): (i)
virtual-photon loops and (i) real-photon process A — e*+e~+ A++/, (contribution

of ~ 1 —2%).

e Nuclear incoherent contribution — quasi-elastic, or ctiges process on the protorn+

p — et + e + A+ p(contribution of< 0.05%).

¢ Nuclear coherent contributiong. virtual Compton Scattering, a two-step process

A—~y*+A— et +e + A (contribution of~ 107°%).

As an example, Figure 7.1 shows the calculated energylalision of electrons produced
by 5.46 GeV photons on & C target [31]. The calculations based on three different rfede
of atomic form factors are shown: Hartree-Fock (HF), ThotRasmi-Moliere (TFM) and a
simpler monopole approximation introduced by Tsai [33]. dk& can see in the figure, the
cross-section slightly decreases compared to TFM if thedtifs factor is used. The difference
between the cross-section based on the Hartree-Fock atormdactor and the one based on
the Thomas-Fermi-Moliere model is of the order<ofl % which demonstrates consistancy of

the calculations.
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Figure 7.1: Calculated energy spectrum of electrons inaduction on
{20 for 5.46 GeV photons.

Note that as shown in Figure 7.2 part (a), the total crostiesedor e ¢~ production
changes by less thah2% for incident photon energies a@f91 — 5.46 GeV. The fact that
the cross-section is nearly constant at photon energies bfGeV is also demonstrated in
Figure 7.2 part (b) showing the absolute differential cresstion for pair-production as a
function of fraction of photon energy carried by the elentrorhis allows one to combine
the data from different photon energies (see Table 7.1) vpnesenting the data as is done in

Figure 7.2 part (b).
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7.3 Measured quantities and data structure

A schematic of a pair-production event as seen by the Primpa&remental setup (downstream

of the tagger) is shown in Flgure 7.3:

Lead — Glass

Magnet
\

Beam Line

PS Dipole

Lead — Glass

Figure 7.3: Schematic of a pair-production event as seehdPtimEx
experimental setup (top view).

For the pair-production cross-section measurement, @hncident photon energy and
timing information were determined by the tagger. The gtkf the magnetic field of the PS
dipole was lowered (te- 0.220 and0.293 Txm) and the electron-positron pairs were swept
into the calorimeter where the energy and position of théngrsticle was measured. The
trigger signal, a coincidence between Tagger MOR and Hy@abrded in a TDC provides
timing information for the=™ e~ - pair (see Figure 6.1).

Data accumulated during the PrimEx run are recorded in CODBBAF Online Data
Acquisition [29]) format. The data are structured into bainkach bank has a “header” and
a “body”. All banks have identical header structure, camtag the name of the bank and

the number of rows in the body of the bank. The banks that aee us pair-production
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cross-section analysis fall into two separate categorefsyence/service banks: TRIGGER,
EVENTID and TRIGGERPHASE and physics banks: TRIGPHOTON and HYCALCLUS-
TER. The detailed list of the PrimEx data banks can be founeidaynining the latest version
of “bankdef.xml” file in PrimEx software CVS (Concurrent gons System) [36], and a de-
scription of the information stored in the banks is given3i][ The reference banks provide
the event number, run number and trigger ID that caused ot of the DAQ electroniés
and contain one entry per event/trigger. The TRIGPHOTONIpovides the time recorded
by T-counter, T-channel ID, E-channel ID and photon eneifidye HYCALCLUSTER bank
stores thex, y, z coordinates and the energy of clusters reconstructed inaleimeter. And
finally the TRIGPHOTON bank also provides the time differes between the hits recon-
structed in the Tagger and the trigger signals. The infoionain the TRIGPHOTON bank
is used to identify the photon that was involved in the trigige current event readout. The

multiplicity, i.e. the number of rows/entries per event, of physics banks ésdependent.

7.4 Event selection

The first step in event selection is identifying and remgvihe beam trip regions from the
data, which is done according to the procedure describeddtiéh 6.2 requiring 80 cut on
fractional livetime. Note that the efficiency of this cutdhao impact on the cross section of
the studied process, since discarded data regions aredextchoth from the yield extraction
as well as from the flux calculation.

Figure 7.4, part (a) shows the different triggers enabledHe PrimEx e* ¢~ - production

2Up to twelve triggers, such as clock triggers or physicsgis, can be set up with various prescale factors
to control the data acquisition.
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data taking. The trigger ID$, 5 and 10 correspond to MOR, Clock and physics (HyCal -
MOR) triggers, respectively. The events triggered by MOR &tock are mixed into the
data for diagnostics and photon flux calculation purposes cFoss-section extraction one is
interested only in events triggered by the HyCal-Taggencidence,.e., events with more
than0.5 GeV deposited in the HyCal and a photon registered in the@addese events can
be selected by requiring bit 10 to be set in the trigger latondwof the TRIGGER bank (see

Figure 7.4, part (b)).
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Figure 7.4: (a) The various triggers and their absolute arthwuac* ¢~
production run#5142 are shown. (b) Only events triggered
by HyCal-Tagger coincidence are selected.

Even at electron beam intensities of pair-production runs d nA, which with a10—*
rad. length radiator translates into0.6 x 10° equivalent photons per second, it is possible to
have up to ten photons per event in the tagger (see Figurparf/(a)).

Figure 7.5 shows the TDC spectra for various trigger sigimalsin #5142. Only three

triggers were actually enabled for pair-production rung,dignals from ten possible triggers
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were recorded ina TDC.
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Figure 7.5: (a) TDC spectra for various triggers in pairgarotion run
#5142. (b) Reconstructed and calibrated (with respect to the
HyCal-Tagger coincidence) times of various trigger signal

The TDC windows for the PrimEx electronics were setqus, while the gate signal for
HyCal ADCs was only®50 ns wide. The HyCal-MOR coincidence (trigger ¥910) happens
at ~ 200 TDC counts, opening the ADC gate. Hence only those HyCalwiitieh happen
within a 250 ns window (at/after the trigger) correspond to the valuesmed in the HyCal
ADCs. By cutting between 180 and 700 TDC counts on the tri¢fger 2, corresponding to
HyCal total energy sum signal without tagger coincidenle,HyCal hit times in the proper
range are selected. Comparing the times of the photonsseaeted in the tagger with HyCal
hit times, that are in time with trigger, the photons whiclvé#he potential to be responsible
for the energy deposited in HyCal are selected and storedRiIGIPHOTON bank. A rather
wide timing cut @15 ns), on tagger-trigger time differences, is used at thigestaf event

selection (see Figure 7.6).
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Figure 7.6: The time difference between HyCal total sumaignd
events reconstructed in the tagger. Hhthns coincidence
window is also shown.

The above described procedure greatly reduces the taggesrpmultiplicity. As seen in
Figure 7.7, part (b) only~ 0.9% of the events have ambiguity in photon selectioe.,, the
possibility of misidentification of the incident photonergy.

Examining the multi-photon events, one can see that therntajf these eventss(%
out of 4064) are accidentals within the same T-chanmel, have exactly the same time. The
energy difference for photons in such multi-photon evesteri the order o£2 — 30 MeV
(see Figure 7.8 part (a)), which is well within the resolatiof HyCal. For thel3% of the
multi-photon events these are accidentals between différehannelsj.e., have different
times, and the “true” photon can be selected by picking theetbat is closest to the trigger
time. However, as seen in Figure 7.8 part (b), in this casértieeand accidental photons can
have energy difference of up to5 GeV, which will “misplace” the yield when calculating

differential cross-sectiodo /dx (Wherex = E.:/E.) if one picks the “wrong” photon. To
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Figure 7.7: (a) The number of photons reconstructed in tigg&aper
event. (b) The number of photons reconstructed in the Tagger
per event that have the potential to be involved in the trigge

quantify the effect 0f).9% of multi-photon events the cross-section extraction isquered
with and without multi-photon events

All the particles reaching the HyCal are assigned a chargedan theirX coordinate.
The Pair Spectrometer dipole fere~ runs operated at positive currents. Positive current
corresponds to positive polarity of the magnet which givesagnetic field pointing upward
along the vertical” axis. The upward magnetic fieled will deflect positively aied particles
beam right X < 0) and the negatively charged particles will be deflected &ltbam left
(X > 0).

The selected events are stored iR@QOTtree, recording the cluster energyl‘e”), the
cluster position at the HyCal {f_z", “cl_y” and “cl_z"), the cluster charge ¢l_charge”),

the T-channel ID (T'-id"), the E-channel ID (E_id"), the incident photon energy €0”), the

3Note that the photon flux needs to be recalculated when eiradueross-section with single-photon events
only.
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Figure 7.8: (a) The energy difference for photons recorstaiin the
Tagger with an accidental in the same T-channel. (b) The
energy difference for photons reconstructed in the Tagger w
accidental in different T-channel.

incident photon time (f'_time”), the time difference between the incident photon and the

HyCal total sum signal ¢d: f f”) and the event number ¢tent_number”).
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7.5 Simulation

A fast, two-stegGEANT4simulation was developed to aid in the study of the effectSarhp-
ton background, fiducial cuts and the target. It should beadahat the simulation is not
intended to reproduce the response of the calorimeter oroétmgr physical detector. The
GEANT4pair-production and Compton scattering cross-sectiomgge accuracy ot 5—6%
[38]. Since ats — 6 GeV the total absolute cross-section for Compton scatiesn- 0.5%
of the eTe~-production total cross-section, the simulation is a vhledool for quantitative
study of the main source of physics background — Comptornesaag. Also the simulation is
used to study the energy losseseof~-pairs passing through& 1 cm thick carbon target
and the few meters long helium-filled gap between the dipalewindow and the face of the
calorimeter.

Figure 7.9 shows the setup used in the simulation and a fewlaiedete™ tracks. It
consists of a3.212 x 13.212 x 13.212 m? cube—"World” volume made of vacuumé., air
with density of10~2° g/cm?, and pressurg- 10~ Pa). The World volume contain®2e898 x
2.898 x 0.966 cm? carbon target (with densit3. 198 g/cm?®), an inner chamber of sizd x 11 x
11 m3 made of helium (at pressure bH13 Pa and density df.1787 mg/cn?) to reproduce the
effect of the helium bag in the experiment. The inner chambatains d.126 x 1.126 x 1.126
m? cube made of vacuum and containing a homogeneous magredtiafrected vertically
upwards. The inner chamber also contains i@ x 1.19 x 1.19 m* cube made of vacuum
and serves as a position holder for the calorimeter. Thetasglaced right at the edge of the
inner chamber so their surfaces touch. The center of the atagipositioned).963 m from

the edge of the target downstream along the beamline andetitercof “HyCal” is located
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7.92 m from the edge of the target downstream along the beamline.

Vacuum

Helium /%(l
1 -

. e

Dipole Magnet

Figure 7.9: A visualisation cd6EANT4model of PrimEx experimental
setup. Pair-production events are also shown (top view).

The primary particle in the first stage of the simulation ipleton. The direction of the
primary photons coincides with that of tt#e-axis. The energy of the incident photons in the
simulation is picked from the spectrum of the true photore (Bigure 7.20) selected in the
data according to the procedure described in Section 7.4adard GEANT4 physics list for
electromagnetic processes was used [39]. For the primastoph it allows for photoeffect,
Compton scattering and e~ -production. In total x 10° photons were “thrown”. The coor-
dinates and the energies of particles originating in reastiof pair production and Compton
scattering were recorded at the surface of the “calorim@®mell as in the target where the
conversion or the Compton event occurred. The distributioA andY” coordinates and en-

ergy - coordinate correlation for the generated events laog/s in Figure 7.10 parts (a) and
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(b) respectively. AL.15x 4.15 cn? central region at the face of the “calorimeter” was excluded

from consideration to mimic the central opening of HyCal.

— 80— G L e e B O 20
[= [ Mean x 0.1097 ';‘ C ]
O, L Mean y -0.002728 120 () r | Integral 1.139e+05] 18
40— RMS x 2243 - i 4
> RMS y 119 7 100 % St i 1 |16
Integral . 1 4 F i 1
a2 ntegral 1.139e+05 B | g I 1 14
20 4 il &
L 4 L g(‘ i 4
C 100 80 r ¥ 1 10 7112
0f j 3 | i 1F 10
C 10 60 F / L ] 8
B ] H F L 1
20+ — - 4 & ]
I ] 40 2: fg %R ] 6
[ e‘e-production and Compton event§ . ,.,«ﬁ“‘f . ]
~ — C & i ] 4
-40 r — 20 1 P Mm‘“%w;
r ] [ e'e - production and Compton events] 2
770 o i R FR S S 0 e b b e e el
-60 -40 -20 0 20 40 60 Q60 -40  -20 0 20 40 60 0
X [cm] x [cm]
(@) (b)

Figure 7.10: (a) The distribution of andY coordinates and (b) the
energy-X position correlation for generated pair-production
and Compton scattering events.

To demonstrate the ability of the simulation to describedbta, particles with energies
betweend.9 GeV and5.1 GeV on both electronX > 0) and positron X < 0) arms of the
generated events were selected and their deflection in thaetia field was compared to that
of the data (see Figures 7.11 and 7.12).

Figures 7.11 and 7.12 show overall reasonable agreemeneéetsimulation and data.
The observed differences in the widths can be attributebeadact that the simulation uses a
point like beam where in reality the beam has dimensionso #ie data at this stage of the
analysis are contaminated by background from the beam Haldhwvill be discussed in more

detail in Section 7.6.
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Figure 7.11: The distribution ok’ coordinates for electrons with energies
betweent.9 and5.1 GeV (a) generated events and (b) data.
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Figure 7.12: The distribution oX coordinates for positrons with energies
betweent.9 and5.1 GeV (a) generated events and (b) data.

7.5.1 Compton Background

Figure 7.13, part (a) shows nearly identical distributioh andY” coordinates for electrons

and positrons in the generated events when viewed indepeatie position and the energy
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of the other particle in the pdir The 2D-distribution ofX andY coordinates for particles in

the generated Compton events, in the single arm mode, isrstmokiigure 7.13, part (b).

60T 60 S —
E [ Meanx -18.88+ 0.0505 Mean x 18.97+ 0.05103 | ) [ Entries 331 . Entties 118
(&) [ M | E [~ Meanx 10.3+ 0.3362 Meanx -0.6276% 2048
= 40 Mean y0.00233% 0.003919 eany -0.00313 0.003975 9, F Meany 0.1576+0.1624 Meany -2.688+ 2031 |
> L RMS x 12.02+ 0.03571 RMS X 12.16+ 0.03608 >\ 40 j RMS x 6.117+ 02377 RMS x 22251t 1.448 i

L i RMSy 2955+0.1143 . - RMSy 2206+ 1436

| RMSy 0.9323 0.002771 RMSy 0.9476+0.002811 _| [ Integmal 331 Integral us |

20 [ Integral 5.66e+04  Integral 5.682e+04 | 20 — ’ ) ’ —

L + S N r ]

-201 e -arm e-arm 20 .

- R L & -electron ]

-40- e*e’-production events ] A0 v N
Vo) N A A A R Gol e
-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60

X [cm] x [em]

(a) (b)

Figure 7.13: The distribution ok andY” coordinates for generated events
in single arm regime: (&)™ e -production and (b) Compton
events.

It is known that, at energies of incident photon-~of5 GeV, the electron in a Compton
scattering event most of the time is more energetic thandhiéesed photon. Given the narrow
band of the photon energies used by the PrimEx experiment.y — 5.5 GeV) we have a
narrow band of energies of Compton electrons (see Figur, pdrt (a)). This means that
Compton electrons are distributed in a tight cone aroundliteztion of primary photon and
are deflected to a very localized region on the surface of #terimeter. This can create

significant (v 3 — 4%) background at the high energy region of the electron spet{see

4The regime where the energy and position of a particle arsidered independent of the parameters of the
other particle in the pair will referred to as single are,, single arm pair-production or single arm Compton
scattering.
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Figure 7.15, part (a)) even though the cross-section fo€thrapton scattering is two orders of
magnitude smaller than that of the pair production. Theatffemuch smaller{ 0.5 — 0.6%)
if one considers the distribution of electron coordinatesle surface of the calorimeter (see

Figure 7.15, part (b)).
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Figure 7.14: (a) Energy spectrum of the Compton electrofsiatEx
kinematics. (b) Distribution o -coordinates of Compton
electrons at PrimEx kinematics and PS dipole field @R
Txm.

Figure 7.16 shows the distribution of tti& position of photon conversion vertices with
respect to the center of the target. As one would expect tbtopthas an equal probability to

convert at any point in the target.
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7.5.2 Fiducial cuts

Figure 7.17 shows the distribution &f coordinates for electrons and positrons in simulated
ete~-events (see parts (a) and (b) respectively). As indicatethe plots dY| < 5 cm cut

would cost oné).25 — 0.29% of the total yield.
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Figure 7.17: Distribution of” coordinates of (a) electrons and (b)
positrons from generated e~ -pairs.

Figure 7.18 (parts (a) and (b)) shows thata < 5 cm cut affects only the electrons and
positrons with energies less than1.6 — 1.7 GeV.

TheGEANT4simulation demonstrates that the Compton scattering seatconfined to a
finite momentum region and as the main source of the physazddround can be effectively
eliminated by restricting the study to an energy bang, < E.+ < E,.. (the numerical
values ofE,,;,, and F,,., will be discussed in Section 7.6). This enables the studhepair
production in a single arm regime having the opportunity ®asure the same cross-section

simultaneously in an independent manner via both the eleand positron arms.
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Figure 7.18: (a) Distribution ok coordinates for electrons and positrons
with |Y| > 5 cm. (b) Energy spectrum of electrons and
positrons from generated e~ -events where ofY’| > 5 cm.
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7.5.3 Energy losses in target and helium

According to theGEANT4implementation of the energy losses [38], in the simulatios
electrons and positrons, with energies of a few GeV, haveyaentical energy losses in
the target and helium due to the ionization, multiple scaigeand bremsstrahlung which is
shown on Figure 7.19 part (a). The difference of energy ®&sea material for positrons
and electrons arises from differences in cross-sectionsltdler and Bhabha scattering and
is more pronounced for electrons/positrons in a few MeV gneange. Figure 7.19 part (b)
shows the correlation between tleposition of the vertex, with respect to the center of the
target, and the energy losses of the electrons. Simulatiows that energy losses due to
ionization and secondary interactions are significant el to be taken into account when

comparing the experimental cross-sections with theabktalculations.
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Figure 7.19: (a) Energy losses of generated electron antr@ogairs in
the target and hellium bag. (b) The correlation of energy
losses and th& position of the conversion point in the
target.
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7.6 Yield Extraction

Following the event selection recipe introduced in Sectighone can obtain the spectrum of

selected photons which is shown in Figure 7.20.
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Figure 7.20: Energy spectrum of incident photons showingpat
uniform distribution ofy’s over the tagged energy range
(4.874 — 5.494 GeV).

The even E-channels are the product of the overlapping @afiithe physical E-counters and
have smaller width compared to odd E-channels which resulesy uneven population of
various E-channels. The level of occupancy of an E-chariseldepends on its geometrical
correspondence to odd or even T-channel.

The energy range represented in Figure 7.20 correspond$4tde-channels. The E-
channels are combined in groups Of or 12 channels to comprisé0) energy sub-ranges
providing finer photon energy binning. The boundaries @&sth 10 energy ranges are deter-
mined by the average energy of the first and last E-channisldnmespective sub-range. The

details of the fine photon energy bins are listed in Table 7.1
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Table 7.1: Table of photon energy bins.

| BinID | min. E-ID | max. E-ID| E, min. (GeV) | E, max. (GeV)| E, avg. (GeV)]

1 104 114 4.898 4.956 4.927
2 93 103 4.962 5.018 4.990
3 82 92 5.023 5.074 5.049
4 71 81 5.085 5.141 5.113
5 60 70 5.145 5.201 5.173
6 49 59 5.207 5.260 5.234
7 37 48 5.267 5.326 5.296
8 25 36 5.332 5.388 5.360
9 13 24 5.393 5.443 5.418
10 1 12 5.450 5.494 5.472

The+15 ns timing cut introduced in Section 7.4 for event selectian be further refined
by examining the Tagger-HyCal time differences,, “tdiff” spectra, for individual T-channels

(see Figure 7.21).
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Figure 7.21: Tagger-HyCal time difference spectra for:T@hannek3
and (b) for T-channe}12.

In parts (a) and (b) of Figure 7.21 showing the “tdiff” spacfor T-channels#3 and

121



#12 respectively, one can see that the mean values are differetite spectra of different
T-channels. Figure 7.21 also shows a tail trailing on thdtpesside of the spectrum. A
conservative, asymmetric c(t-50, +80) about the mean value has been applied to the “tdiff”
distribution of each T-channel to account for these effe€tee mean values and the standard

deviations for various T-channels are listed in Table 7.2:

Table 7.2: List of mean values and standard deviations af*td
distributions for various T-channels.

| T-channel ID| mean (ns) o (ns) |

1 -0.3 0.9
2 -0.4 0.9
3 -0.3 0.9
4 -0.7 0.9
5 -0.5 0.9
6 -0.6 0.9
7 -0.1 0.9
8 -0.2 0.9
9 -0.2 0.9
10 -0.4 0.9
11 0.0 0.9
12 -0.3 0.9
13 -0.1 0.9
14 -0.6 0.9
15 -0.3 0.9
16 -0.3 0.9
17 0.0 0.9
18 -0.1 0.9
19 0.0 0.9
20 -0.1 0.9
21 0.0 1.0
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As an axample, Figure 7.22 shows the distributioXodndY” coordinates and the energy
position correlation for events with incident photon eneng the ranges.145 — 5.201 GeV,
i.e.,energy bins after the timing cut of {50, +8¢). The negativeX coordinates correspond

to positrons and the positiv€ coordinates represent electréns
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Figure 7.22: (a) Distribution oK andY” coordinates of clusters
reconstructed in HyCal. (b) Correlation of energy and
deflection in the magnetic field for clusters reconstrudted
HyCal.

In part (a) of Figure 7.22, one can see a ring of “Compton” phetaround the central
opening of the HyCal and a faint line with negative slope dupdir-production generated by
the halo of the beam hitting the photon beam collimator @astr of the experimental target.
The electrons and positrons created by the halo on the aitinare first deflected in the field

of the permanent magnet in the vertical direction and themhlyPair Spectrometer dipole

SAll the plots pertaining to the analysis of pair producticial simulated or experimental, assume single arm
analysis modd,e., no energy conservation condition is being used.
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magnet in the horizontal direction creating the sloped.line

To eliminate thee*e™ -pairs created by the beam halo and most of the Compton pho-
tons, a cut on th@ coordinate of the particles is used. The distribution¥’ofoordinates
for positrons and/or electrons, shown in Figure 7.23, e@dty incident photons of energy
E, pim1 = 4.90 — 4.96 GeV andFE, ;10 = 5.45 — 5.49 GeV have nearly identical widths
which allows for a single cut rang€}(| < 5 cm) for all the energies of the photons. As shown
by the simulation (see Figure 7.18) such a cut would affesttebns/positrons created on the

target if their energy is less than 1.6 — 1.7 GeV.
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Figure 7.23: Distribution ot” coordinates of clusters reconstructed in
HyCal due to incident photons of various energy: (a)
positrons and (b) electrons.

As mentioned previously, pair-production data were takéh warious settings of the Pair
Spectrometer dipole (see Section 7.3). For the highesitsietting of~ 0.293 T xm, momenta
of 1.6 GeV and less correspond to deflections of particles in tHeé éethe dipole of~ 37.17

cm or morej.e.,deflections into the outer Lead-Glass layer of the calomme cut of £~ >

124



1.695 GeV on the energy of leptons limits the analysis to the inh&gh resolution, lead-
tungstate layer of the HyCal which extends outti®5.275 cm and enables the comparison of
the data from runs with different field settings. Table GQsld the pair-production data runs
with the setting of the Pair Spectrometer dipole for each tii@ minimum lepton energy cut,
and the corresponding minimum deflection in the horizoni@adion.

As shown in part (a) of Figure 7.14, Compton electrons taketrob the energy in the
kinematic regime of the PrimEx experiment. Thus a gyt > 1.2 GeV would also elim-
inate a large amount{ 59.9%) of Compton photons, some of which would otherwise be
reconstructed in the lead-tungstate part of the calorin{sée Figure 7.24). It is worth noting
that the distributions ofX andY coordinates for Compton photons are identical due to the

azimuthal symmetry of Compton scattering.
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Figure 7.24: Distribution ofX coordinates of scattered photons in
simulated Compton events.

The final step toward the yield extraction is the subtraabiiihe background due to Comp-

ton scattering under the electron arm. For this purpose tieegy distribution of Compton
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electrons was generated for each photon energy bin as ldedan Section 7.5 (see Fig-
ure 7.14) and smeared with the detector resolution fundsee Figure 2.12). The resulting
distribution, shown in Figure 7.25, is subtracted from daithh an appropriate scaling factor.
The scaling factors, listed in Table 7.3, were determinexiating to the photon flux in each
run keeping in mind that in total.5 x 107 photons were thrown to generate the Compton

electron background. The photon flux for the pair-productians is listed in Appendix G.
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(a) (b)

Figure 7.25: (a) Energy spectra of the Compton electronsigeéed in a
GEANT4simulation by incident photons in the energy range
(4.874 — 5.494 GeV). The effect of detector resolution is
shown by the blue histogram. (b) Energy distribution of
Compton electrons for incident photon energy irend10.

An example of the high energy part of the electron spectruhichvis most affected by

the background, is shown in Figure 7.26 before and afteraatidn of Compton background.
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Table 7.3: Compton electron background scaling factordhasetotal
photon flux in the run.

| Run Number] scaling factor| error (%) |

5142 0.47919 0.34

5314 0.34516 0.40

5141 0.34381 0.40
8 4500 T T
o E Entries 327377 Entries 325391 7
© 4000F |ntegral 8.395¢+04 Integral 3.252e+05 J
(2] C ]
c 3500 —
S - ; E
S 30000 Bl signal + background E
o I background subtracted distribution

25001~

0.85 0.9 0.95 1 1.05

X = E/E,

Figure 7.26: Energy spectrum of electrons before and aftietraction of
Compton background.
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7.7 Cross-Section

As mentioned in Section 2.3, the number of atoms per unit arghe carbon target is:
0.1066 x 10** [-L;] (£0.053%). Knowing the photon flux, one can easily convert yields,
obtained as described in Section 7.6, into cross-secti@uwu. before the cross-section ob-
tained in the experiment can be compared to the one caldubgtéheory, one needs to take
into account the effects of HyCal resolution and the eneoggés of electrons and positrons

due to secondary interactions in the target and the heliuord¢hey reach the calorimeter

(see Figure 7.27) To do S0GGEANT4has been utilized.

300~ 7

2001~ g—g - generated ]

- do ted + I -

1001 ax generate energy losses N

B g—;’ - generated + energy losses + resolytion

0 L 1 | 1 1 \ 1 1 \ 1 \ 1 i ]
0.2 0.4 0.6 0.8 1

X = E/E,

Figure 7.27. Absolute cross-section for pair-productidfedential in
fraction of energy of photon carried by the electron for
E, =4.91 — 5.46 GeV. The effect of energy losses in target
and the helium bag is also shown as a blue histogram.

5The electron arm was used to generate the plot. Using thérgosirm results in an identical distribution
since the theoretical cross-sections for electrons anitrpos are the same [31].
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First a photon energy is picked according to the spectrumhotgns present in the data
(see Figure 7.20). Then an electron/positron is generatddanfraction of photon energy
according to the spectrum shown in Figure 7.2 part (b) andaitipn (., 0., Z) where the
Z-coordinate is picked based on the distributionZpositions of vertices oé"e~ events
generated in the first stage of the simulation (see Figur€)71n total10-million such events
were generated and the electrons/positrons were trackedgh theGEANT4setup intro-
duced in Section 7.5. The energies of the particles at tHamiof the calorimeter were then
recorded. The energies of the electrons/positrons, recordthe simulation at the surface of
the calorimeter, were smeared according to the resolutiantion of the calorimeter shown
in Figure 2.12. The generated yields were normalized toiolztadifferential cross-section

according to the calculated total cross-sectionfor= 5.18 GeV (see Table 7.4).

Table 7.4: Total cross-section for pair-production cahtedl for the
central values of thé0 energy bins.

| Energy bin ID| E, avg. (GeV)| 05,5, (mb) |

1 4.91 351.106
2 4.97 351.176
3 5.03 351.244
4 5.11 351.328
5 5.18 351.408
6 5.23 351.461
7 5.28 351.513
8 5.34 351.574
9 5.41 351.644
10 5.46 351.692

For electronsGEANT4allows for multiple scattering, ionization and bremsshualy pro-

viding cross-section accuracy for these processes df- 10% [38]. Let us definery = %
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to be the calculated cross-section for pair productionang % to be the differential cross-
section convoluted with the energy losses and the detezgotution. Them = 1002== will

be the percent deviation of the differential crosssectmmvoluted with the energy losses and
detector resolution from the calculated value. In Figu287-.is plotted as a function of the

fraction of energy of the incident photon carried by the &tats/positrons.
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Figure 7.28: Percent deviation of the differential crosst®n convoluted
with energy losses and detector resolution from the
calculated value.

One can see that for electrons or positrons with energyimact9 < = < 1.0, the percent
difference between calculated cross-section and the onlietbby energy losses and detec-
tor resolution is changing rapidlys% < r < 50%). Hence, for this region of one could
expect up t@ — 5% discrepancy between experimental cross-sections andytfreodified by

energy losses and resolution) due to the uncertainty oGfBANT4calculation of the energy
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losses (see Figure 7.29).
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Figure 7.29: Differential cross-section fet e~ -production extracted on
electron arm.

To minimize the potential systematic errors, it is preféeato compare the experiment
and theory forz,,;, < r < x,,.. Where the effect of the energy losses on the cross-section
is less tharb%. The differential cross-section for pair-production, wimoin Figures 7.30 -
7.33, extracted on electron as well as on positron arms, dstrade a sub-percent agreement

between the theoretical and experimental values of thesegestion integrated far.4 < x <

0.755.
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Figure 7.30: Differential cross-section for e~ -production run#5142

extracted on electron arm.
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Figure 7.31: Differential cross-section fer e~ -production run#5142

extracted on positron arm.
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Figure 7.32: Differential cross-section fer e~ -production run#5141
extracted on electron arm.
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Figure 7.33: Differential cross-section fer e~ -production run#5141
extracted on positron arm.
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7.8 Error Evaluation and Summary

Table 7.5 lists the theoretical and experimental pair patida cross-sections for various runs
integrated between,,;, andz,,... Wherex is the fraction of energy of the incident photon

carried by the electron(= E.- /E,).

Table 7.5: Pair production cross-section integrated betwe,;,, and

xma.r .

| Run Number] particle | Zin | Zmas | Teap (M) | 0uneory (MD) | (1 — 0cup/Tineory) (%) |

5142 e 0.3 | 0.85| 181.90 185.75 2.10
5314 e 0.3 | 0.85| 188.57 185.75 -1.52
5142 e 0.4 | 0.85| 14931 152.70 2.22
5314 e 0.4 | 0.85] 154.71 152.70 -1.32
5141 e 0.4 | 0.85| 152.28 152.70 0.27
5141 e 04 | 0.76 | 115.62 115.57 -0.04
5141 et 04 | 0.76 | 116.23 115.57 -0.57
5142 e 0.4 | 0.76 | 115.62 115.57 0.72
5142 et 0.4 | 0.76 | 116.23 115.57 0.80

134



e Statistical error in the yield.

Table 7.6: Statistical error for the" e~ yields extracted between,,;,, and

xmaz .

| Run Number] particle | z,nin | Zmas | dY (%) |

5142 e 03 ]085| 021
5314 e 03 ] 0.85| 0.24
5142 e 04 ] 085 0.23
5314 e 04 | 0.85| 0.27
5141 e 04 | 0.85| 0.27
5141 e 04 | 0.76| 0.30
5141 et 04 | 0.76| 0.30
5142 e 04 | 0.76| 0.44
5142 et 04 | 0.76| 0.44

e Error in the number of carbon atoms per unit are@ 84%).

The number of atoms per unit area is given by:

(7.1)

whereA is the cross-section of the beamis the density of the target materidlis the
target thickness angh is the mass of the atom of the target material. For the carbon
target of the PrimEx experiment one héas= 0.966 cm (+0.039%) andp = 2.198
g/cm? (£0.014%) [27]. Thus for the carbon target the number of atoms per angia is

nerz = 1.066 x 102 cm2 (£0.053%).
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e Error in the photon flux.

For details on error evaluation procedure for photon fluxSeetions 6.4 and 6.5. The
systematic error in the photon flux determination, arisirgnf the systematic uncer-
tainty in the measurement of the absolute tagging ratioglamdncertainty in electron

counting due to beam intensity variations(i87%.

The statistical error on the photon flux, in pair-productttata, has a small contribution
(0.06%) from error on absolute tagging ratios and is dominated byetbctron counting

statistics. The combination of both is given in Table 7.7:

Table 7.7: Statistical error on the number of photons for-papduction
runs.

| Run Number| N, | AN, (%) |
5142 | 1.19797e+07 0.34
5314 | 8.62907e+0§ 0.40
5141 | 8.59525e+06 0.40

e Error from the background subtraction.

As previously discussed the background from Compton alastis significant in the
region ofx = E.-/E, > 0.9 (see Figure 7.26). Figure 7.34 shows that the relative
contribution of the Compton electrons under the electran for 0.3 < =z < 0.85is

not larger thar).3%. Hence, a conservativ#®? error in determination of the Compton
electron background, due to low statistics of generatedtsyeesults ir).15% or less

error on the pair-production cross-section.

The background due to Compton photons in the regidn< x < 0.85 is completely

eliminated by cutsEj. ., > 1.2 GeV and|Yiepion| < 5 cm.
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Figure 7.34: Simulated ratio of Compton and pair-produciieelds for
0.3 <z <0.85.

e Error from the HyCal resolution.

To study the effect of the HyCal resolutiofGEANT4simulation was used. The inte-
grated cross-section for pair-production was calculated 8 < = < 0.85 while smear-

ing the energy of the particles with a gaussian distributibhe width of the gaussian
has been varied betweé@rd16 and0.03 in increments o0f).002 to mimic the resolution

of the calorimeter{.6 — 3.0%). As one can see from Table 7.8 the effect of the detector

resolution on the cross-section, in the studied regian, o less thard.12%.
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Table 7.8: Effect of detector resolution efe™ cross-section integrated
between,,;, = 0.3 andz,,,,., = 0.85.

| Smearing parameter (%) o (mb) |

1.6 185.746
1.8 185.788
2.0 185.856
2.2 185.833
2.4 185.828
2.6 185.841
2.8 185.957
3.0 185.896
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e Error from the multi-photon events (see Section 7.4).

The cross-section calculation was repeated for#ii42 accepting only events with
one photon reconstructed in the tagger. The photon flux wadaelated [V, = 230001
anddN, = 0.54%). The procedure resulted e~ cross-section o182.014 (mb)
for x,,,, = 0.3 andx,,., = 0.85 with a statistical error on the yield 0635%). The
obtained cross-section is in good agreement (within thessital errors) with the value
listed in Table 7.5. However, to be conservative one canmassn error 0f).06% due

to photon reconstruction ambiguity.

e Error from HyCal calibration.

If one assumes that all other effects have been accountext they are constant over
time, the error on the cross-section, due to drifting detegtins, can be inferred by
comparing the cross-sections from various runs integragtdeen the same values of
Tmin @NAx,,4, (See Table 7.5). Assuming independent errors, one has a Lyt of
1.92% for 0.3 < x < 0.85 and an upper limit 00.53% for 0.4 < x < 0.76 for the error

due to detector calibration (plus all other time dependgstesnatic effects).

Tables 7.9 and 7.10 summarizes the errors on the experiheass-sections listed in

Table 7.5.
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Table 7.9: Summary of errors integration regiaf < = < 0.85.

| | Effect | Error (%)
Yield statistics run dependent~ 0.25)
Statistical | Photon flux R.ss01utc @nd electron counting) run dependent~ 0.37)
Photon flux R.ss0uee @nd electron counting) 0.97
Systematid Number of Carbon atoms in the target 0.05
Background subtraction 0.15
HyCal resolution 0.12
Photon misidentification/double counting | 0.06
HyCal calibration < 1.92
| Total | | ~ £0.44(stat.) £ 2.16(sys.) |

Table 7.10: Summary of errors for integration regibn < = < 0.76.

| | Effect | Error (%)
Yield statistics run dependent~ 0.44)
Statistical | Photon flux R.ys.iute @nd electron counting)) run dependent 0.37)
Photon flux Rqys0ue @nd electron counting) 0.97
Systematic Number of Carbon atoms in the target 0.05
Background subtraction 0.15
HyCal resolution 0.12
Photon misidentification/double counting | 0.06
HyCal calibration ~ 0.53
| Total | | ~ +0.58(stat.) + 1.13(sys.) |
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e Error on the calculated (theoretical) cross-section.

As already mentioned in Section 7.2, the differnece in tleetétical value of the cross-

section due to the choice of the atomic screening formfaston the order ofv 1%.

The experiment is being compared to a theoretical crossesemonvoluted with energy
losses in the targeGEANT4provides an accuracy 6f— 10%. To evaluate the effect of
this error on the “convoluted theory”, the energy losse@dimulation were artificially
varied by+10% and the theoretical cross-section was recalculated faomég3 < = <

0.85 resulting in~ 0.32% difference.

Thus the estimated uncertainty on the theory convoluted anergy losses in the target

is 1.05%.
Given the above consideratons, the experimentally obdatn@ss-section, fob.4 < x <

0.76 is in remarkable agreement with theory.

Copyright(© Aram Teymurazyan 2008
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CHAPTER : 8 SUMMARY

The Jefferson Lab Hall-B PrimEx experiment is intended tasuge the absolute cross-section
for neutral pion photo-production in the Coulomb field of &lews,i.e. the Primakoff process,
with a precision of~ 1.4%. The cross-section measurement enables the extractidreof t
radiative decay width of the neutral pion (see Equation,8jch is predicted by the chiral
anomaly and can be calculated exactly in the limit of masgigmrks [5] (see Equation 1.2).
Recent calculations, considering the real world valuesusirkj masses, iyPT [2], [1] and

in QCD sum rule approach [3] predict a neutral pion radiativdth of 8.1 eV (£1.0%) and
7.93 eV (+1.5%) respectively. Finally, the fundamental nature of the ahémomaly in QCD
makes the PrimEx experiment arguably one of the most impbtésts of low energy QCD
andyPT possible with a fewzeV photons.

The PrimEx experiment useldd — 5.5 GeV photons from the Thomas Jefferson National
Accelerator Facility Hall-B photon tagging facility to @t 7’s. To achieve its goal of
1.4% total error on the neutral pion lifetime measurement thenBit experiment requires a
knowledge of the absolute normalizationg( the photon flux) of the cross-section 1t or
better (see Table 1.1). Such a high precision pushes this lohihe photon tagging technique
in regards to the determination of the absolute photon flux.

This dissertation has explored the photon flux determinadéind monitoring procedure
which enabled the determination of the absolute taggedplifaix on the target for the Jeffer-
son Lab Hall-B PrimEx experiment with systematic uncettaaf ~ 0.97% (total uncertainty
~ 1.0%).

The photon flux determination for PrimEx experiment invaadsolute calibration of the

Hall-B tagger with a Total Absorption Counter (see Chaptgradnovel technique for rate
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determination for the tagging counters (see Chapter 6) aonitoring of the relative flux
with a newly built Pair Spectrometer (see Chapter 5). A sgcdesigned software package
(PFLUX - for PrimEXx flux) ensures a seamless integration of yieldaetion and photon flux
determination procedures.

The cross-section normalization procedure for the Primixeament was verified by
measuring absolute cross-section oe~ production with a< 2% accuracy (see Tables 7.9
and 7.10), while achieving an agreement with theory at thel lef < 2% (see Table 7.5).

Here | would also like to summarize in detail the three inaemnt analysis philosophies
used by the PrimEXx collaboration to extract the neutral paahative width. All three methods
handle quantities like: the® production angle, the invariant mass of two photons fronf a
decay, the elasticity and the HyCal - Tagger coincidencéengnmn a unique way to obtain
distribution of neutral pion yields over’ production angles in the range— 3.5°. The three
analyzes conducted by PrimEx collaboration should be densd quasi-independent since
the data sets that they are applied to are greatly overlgppin

To arrive at the four, aforementioned, key concepts usedlblgrae analysis methods one
considers following experimentally measured parametgrs: the energy of incident photon,
“tdiff” - the time difference between the HyCal total sungger and signal in the Taggé,,,
E.,, (z1,y1,z) and(z2, y2, 2) - the energies and the positions of the two photons fromrthe

decay.

e First the data are divided int6.01° bins of 7 production anglé),0, i.e. the angle

betweenZ-axis and the momentum of the outgoint
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On0 = /02 + 02 (8.1)

By i1+Eqyyi .

wheref, = o )

e Then the2y-invariant mass is constructed for all the possible contimna of cluster

pairs reconstructed in HyCal for a given event:

Moy = \/QEMEWQ(l — cosb; 2) (8.2)

2 . . .
whereb, » = 2“22“’192;’2 ~ is the angle between the lines connecting the two
\/(:cl+y1+z2)(502+y2+z2)

clusters on the surface of HyCal with the center of the target

E’Yl +E’Y2

e The elasticity parameter for two clusters is definedeas: o
0

¢ Finally, the HyCal - Tagger coincidence timing is definedia same way as the “tdiff”
spectra in Sections 7.4 and 7i@. the difference in times reconstructed for Tagger and

HyCal total sum trigger.

Figure 8.1 shows the correlation between elasticity andnveriant mass for two clusters
on the surface of HyCal. In Figure 8.1 one can easily noticerocal band of inelastic pions
and a horizontal band of elastic two cluster events that doetmnstruct to the neutral pion
mass. In the world of idealized experimental equipment ooelévexpect to see a tight spot
at elasticity 1 andn,, ~ 135 MeV, but due to finite resolution of the HyCal the spot is
transformed into a diagonal line which indicates that if ohéhe clusters in the pair registers

a slightly smaller energy in the calorimeter then the retmiesed2 invariant mass will also
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be slightly less than the tabulated value #ef. and vice versa a larger energy corresponds to

larger invariant mass.

Elasticity vs. Reconstructed vy Invariant Mass at 0.05° = production angle
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Figure 8.1: The correlation between elasticity and thenavda mass for
two clusters on the surface of HyCalgt = 0.05°.

A major difference in the analyzes arises from the methodh @me of them is using to

identify the neutral pions, in a given angular bix¥..., from the pool of multi-hit events

recorded in the calorimeter per trigger:

Analysis method 1: To select the combinations of a Taggetgrhand a HyCal cluster pair
for each trigger,.e. to identify thex® events, a method of maximum likelihood is used.
First the spectra for timing~ invariant mass and elasticity are fitted with a signal (a deub
Gaussian) + background (polynomial) to obtain normalized-Ehapes of each of the distri-
butions, which are used as probability distribution fuans (PDF). Then a “total’PDF' is

constructed as product of individuBID F's: PDF,yq = PDFyiming X PDFippariantmass X
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PDFqsticity- The PDF, ., serves as a “Likelihood” function for the event selectiomcsg
each of the line-shapes is normalized, the total probgligtribution function can only take
values between 0 and 1. By evaluatiR@ F},; for each possible combination &f,, “tdiff”,
E.., E,,, (z1,11,2) and (zs,y2, z) the entries with the value aP D F},,, closest to 1 are
selected. A plot of elasticity - invariant mass dependesciled using the selected com-
binations (see Figure 8.1). As a final step towardssthgield extraction the entries in the
elasticity-mass plot are projected onto an axis perpetafito the line of correlation between

the elasticity an@~-invariant mass, greatly enhancing the signal to noise.rdtine obtained

distribution is used for yield extraction.

Analysis method 2: First, a preselection of cluster pairdyCal is performed by requiring

a cutmy, > 85 MeV. The analysis showed the2% of all events that pass the requierement
of having at least one cluster pair with invariant mass akxiv®eV have one and only one
cluster pair thats passes the cut. In case case of multipdtecipairs the one with invariant
mass closest to.0 ~ 135 MeV is picked.

To match the selected cluster pairs with a photon reconstilin HyCal the “tdiff” spec-
trum is examined, much like in the case @fe~-production analysis (see Section 7.4, Fig-
ure 7.6), and the photon with “tdiff” closest to the distrilmn mean withint-40 is selected.

The variablest, ), “tdiff”, £, , E,,, (z1,11,2) and(z2,y,, 2) corresponding to the se-
lected combinations of Tagger photons and HyCal clustes @ae passed to the next stage of
the analysis.

An elasticity cut is used to identify the coherent pion proiiin channels. To account for

possible accidental timing coincidences between clustes pn HyCal and photons registered
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in the Tagger the elasticity spectrum of out-of-time eveststudied and subtracted bin-by-
bin with an appropriate scaling factor. The resulting dlsttion is fitted with a signal (double
Gaussian) + background (3rd order polynomial) function taechumber of entries in the peak
is regarded as the number of elastit's. This procedure is repeated for each of the bins in
invariant mass spectrum resulting in a invariant mass sp@cdf elastic events.

Finally, the2v invariant mass spectrum of the elastic events is fitted wilgaal (double
Gaussian) + background (3rd order polynomial) function #redintegral number under the
peak is regarded as the final number of elastic neutral pifons (particular angle).

It is worth noting that this procedure is very lengthy andided and depending on the

number of bins in each spectrum may, require that x 10 fits are performed.

Analysis method 3: The HyCal cluster pairs are preseleaeddch trigger event by requir-
ing a cutms, > 90 MeV. All possible cluster pairs above thé MeV threshold are considered
to ber” candidates. To identify the corresponding photon from tl@Iner hits reconstructed
in the Tagger, a4 ns window is set up around the mean value of the “tdiff” disition and
the photon with “tdiff” value closest to the mean is selected

The energy information of the selected HyCal cluster paird #he Tagger photons are

used in kinematic fitting to the energy conservation cooditt,, = £ + E! , whereE’
andE’, are the corrected energies of the clusters registered inraHyC
E, = E, +AE, (8.3)

AE, By

wherei = 1,2 and AE, = By
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The number ofr® events is obtained by fitting thy invariant mass distribution con-
structed using the corrected cluster energies.

Each of the three methods is repeated for evérproduction angular bin\d,.. to obtain
the angular distribution of°.

As an example the experimental yields obtained using thersemethod are shown in

Figure 8.2 as a function of the pion-production angle [40].

Proliminary x* Photaproduction yleld {12C, crystal only) Preliminary 1° Photoproduction yield **Pb, crystal only}
s u; . = Measureds®Yie h C * Measured = Yiskd
gw : — Calealstad Yield Fit %sw% ? ‘ Calculated Yiek Fit
Sso0 - ¢ - Prmakoft g : Primakeoff
%700 .+ == Nuclear Coherent « M -~ Hughoar Coharant
L ‘ - == [negheremnt 1 [ R w—
400;
300
200/ /7 e i
%: ‘O‘EI”II;"".I‘E‘"IQ""":‘IZE' ; u‘{i.j;'l‘l""d n-\Illi\”;r\rﬂlri\I\Iirllllri\ll\il\\ll‘
. . y 0 0.5 1 15 2 25 3
=° Produation Angle, 8 {degrees) x° Production Angle, B (dagraes)
(a) (b)

Figure 8.2: Pion photo-production yield as a function ofduration
angle: on (a) carbon target and (b) lead target.

By normalizing the tagged® yields, extracted in the PrimEx experiment, to the tagged
photon flux according to Equation 3.1 a pion photo-produrctimss-section is obtained.

The preliminary result of the PrimEx experiment for théradiative width is:I';o_.., =
7.93 eV £2.1%(stat.) £ 2.0%(sys.). Itis in good agreement with current state of the art

theoretical predictions and with the world average’4 eV +7.1%). The collaboration is
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continuing the effort in order to further understand cdmitions from various physics back-

grounds (see Section 1.4) and reduce the systematic errors.

Copyright(© Aram Teymurazyan 2008
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APPENDIX : A ERROR PROPAGATION FOR A RATIO OF CORRELATED NUMERS

In Equations 3.2 and 3.4 for the absolute and relative tapgitios introduced in Chapter 3,
the numerator is a subset of the denominator. Thus, the twtbets are correlated and the
ordinary equations for the uncertainty in a ratio cannot jyeiad.

To make the following discussion more general, let us intcedthe terms hit, miss and
total number of trials. In our particular case hits would he humber ofy - ¢ (ore*e™ - €)
coincidences, misses would be the number of electrons iagger that did not have a partner
photon (ore*e™ pair) in the TAC (or Pair Spectrometer). If we denote the namdf hitsa
and the number of misséghe total number of trials will be + b. Using these definitions,

the tagging ratio can be presented in the following form:

_a 1
“a+b 1+b/a

(A.1)

where the number of "hitsé = R(a + b) and the number of "misse$’= (1 — R)(a + b)
Note that “hits” and “misses” are mutually exclusive clasegevents and thusandb are
uncorrelated, so their uncertainties can be propagatedtramhtforward way.
From the definition ofRz, it follows that its partial derivatives with respectdaandb will

be:

OR b OR a
da  (a+0b)? and b (a+Db)? (A-2)
Let da anddb be the uncertainties imandb. Then in general:
OR OR 1
— - 2 2T an2 — 2 2 2 2
dR \/ ( T da)? + ( 5 db) o 5)2\/b (da)? + a?(db) (A.3)
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Assuminga andb follow Poisson statistics, we sét. = \/a anddb = /b. Then Equa-

tion A.3 yields:

1 1-—
iR=—  Patah— | R—L (A.4)
(a+ b)? a+b

By examining the two extreme casesgof<< 1 andg >> 1 we get:

1-R

~1=—=dR ~ A

Firstcase? << 1= R =

_1
1+b/a

Vb
dR ~ A.5
h a-+b (A.5)
Secondcas§>>1=>1—R:%a/brv1:>dRN /1
iR~ YO (A.6)

a+b

The first case when the number of hits is far greater than th&eu of misses is relevant
for the case of absolute tagging ratio where a typical taggifficiency is95% or more. The
second case where the number of hits is much less than theamaintmisses is relevant when

dealing with relative tagging ratio where ortlys% of photons are tagged by the PS.
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APPENDIX : B WEIGHTED AVERAGE
Here for reference purposes | want to bring the formulas fergivted mean and the error in
the weighted mean. The derivation of the equations can belfouany standard text book for
error analysis, for example [41].

Having a set of measurementsfor an observable and each of them having an eribr;

the weighted mean and its error are given by:

x;/(dx;)?
xaverage - %1/ d"L‘ Zwl 'CEZ (Bl)
o 1/(dwy)?
wherew; = ST/
dz? = ; (B.2)
average Z 1/(d$z)2
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APPENDIX : C DAQ ELECTRONICS AND TRIGGER SETUP

C.1 Lecroy 1877 multi-hit TDC

For quick reference | am listing some of technical charasties of Lecroy 1877 TDC mod-
ules that were used throught PrimEx run. For the completestiscifications please refer to

the 1877 data sheet [42].

e 96 ECL differential input channels per module. Minimum gwgidth10nsec FWHM

(must be greater than 1 time bin width)

e Least Significant Bit (LSB) 0500 ps

e Full Scale from0 to 32.768 us +0.0025%; programmable in steps 8fns

o Maximum differential non-linearity-0.2 LSB (typical)

e Full scale integral non-linearity less thaa ppm

e Conversion time o800 ns per hit within the programmed full scalef s minimum

e Ability to record timing information for rising and/or fatig edges

e Can measure two edges separated by as littlass. No two pulse edges should be

closer thanl0 ns. This implies a lower limit on the double pulse resoluidr20 ns

e Can operate in either Common Start or Common Stop mode; forBxthe TDC were

operating in Common Stop mode which allows to save on delaleasts

e Has a programmable LIFO memory of up to 16 hits per channetypent
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APPENDIX : D LIVE2/LIVE1 PROBLEM
Analysis showed that the values btvel and Live2 (gated and ungated scalers driven by
200k H z clocks) recorded in the data are compromised due to a haediessign flaw.

From time to time the value dfive2 jumps by2'¢ or by 224 or by 2!6 + 224 and then it self
corrects. The simplest way to correct this is to look at tHiedgnce in Live2 for two adjacent
events and subtract the corresponding number.

In addition to the anomaly described abdvigel goes through jumps @f. This anomaly
is cumulative and doesn’t correct itself over time. To cott@e value of Livel we again look
at the difference Livel- Livel, ; and make sure that it satisfies the following criteria: 1) It
is smaller thanive2; — Live2; 1, 2) Itis positive. And also we require thatvel < Live2.

If any of this conditions is not satisfied we subtract or a8id= 256 until all 3 criteria are
satisfied.

It has been shown that to a very good approximatierd(02%) one can assume that the
data acquisition has a fixed dead timelaf scaler counts per event(25..s). Then the value
of Livel can be calculated if one knows the valuelobe2:

Livel; = Livel; 1 + Live2; — Live2;,_; — 4.9 (algorithm suggested by Eric Clinton).

or

Livel; = Live2; — n x 4.9 wheren is the number of events. All three methods agree

within ~ 0.02%.
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APPENDIX : E PFLUX PACKAGE, WHAT IT CAN DO AND HOW TO USE IT

To link the data analysis and the photon flux calculation PELUX” package was creatéd
The “PFLUX” package uses the information abétgecond intervals of a run which is stored
in MySqldatabase. The information for each interval is loaded i@ sstructure:

typedef strudt
int run;
int interval.id;
int start event;
int end event;
unsigned int divel;
unsigned int diveZ2;
int n_trigs;
int tdc_window;
int n_e[MAX_TCH],

INTERVALSTATUS status;
bool analyzed;

float fraction;
unsigned int firsttime;
unsigned int lastime;

}intervalinfo.t;
where#define MAXTCH 61— is the number of T-counterB\NTERVALSTATUS status- is
a “C” enum with possible values of “GOOD”, “BAD” and “UNKNOWN

enum INTERVAISTATUSH{
GOOD,
BAD,
UNKNOWN};

1The text in Appendix E assumes basic knowledge of “C” and “Qsregramming languages
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unsigned int firstime— is the value recorded by the ungated scaler for the stant@fe¢he
interval, unsigned int lastime — is the value recorded by the ungated scaler for the current
event of the intervabool analyzed- is true if at least one event in the interval is analyzed and
float fraction— is the fraction of the time length of the interval that hasranalyzed. If for
any reason only a part of an interval is analyzed this vagiablused to scale the flux of the
interval accordingly. The rest of the variable names arkesgdlanatory.

As any part of PrimEx software PFLUX package consists of foam functions:

void pfluxinit(void);

void pfluxbrun(int RunNumber, Banks*banks);

INTERVALSTATUS pflux evnt(Banks *banks);

void pfluxerun(Banks *banks);

extern Pflux* pflux;

extern Pflux* ClockFlux;

extern Pflux* OutOfTimeFlux;

The back-bone of PFLUX package is the Pflux class:

class Pflux

private:
intervalinfo_t element;
Vintervallnfat v_intervalinfo;
taggingratio_t taggingratio;
ETij_t ETij[MAX_TCH];
Bankst *b;
MYSQL *mysghandleptr;
bool loadedintervalinfo;

bool loadedet fractions;
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float livetimesigma,;
int rate_beamtrip;
int numbad;
int leakagecorr;
char fluxtable name[150];
int run_number;
public:
Pflux(Banks *banks, const char* tablename);
virtual Pflux() };
bool LoadIntervalinfo(int RunNumber);
bool GetLoadStatus();
bool LoadETFractions();
bool GetETLoadStatus();
void SetIntervalStatus();
INTERVALSTATUS GetStatus();
Efluxt GetEFIux();
flux_t CorrectLeakage(fluxf);
flux .t GetFlux();

Vintervallnfat GetintervallnfoVector();
h
whereVintervallnfat v_intervalinfo—is a vector of typetypedef std::vecterinterval info_t>
Vintervallnfat” holding the information aboui-second intervals into which the run was di-
vided.

#define MAXECH 767

typedef strudt
double ratio[61];

double error[61];
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}aggingratio.t;

typedef strudt
double Aij[MAXECH];
double dAij[MAX_ECH];
FETIjt;
typedef strudt
double fluxiiMAX_TCH];
double fluxi_errffMAX_TCH];
double TotalFlux;
double TotalFluxErr;
Hluxt;

typedef strudt
double fluxiiMAX_ECH];
double fluxi_err[MAX_ECH];
double TotalFlux;
double TotalFluxErr;
FEfluxt;

The PFLUX package is managed via a standard PrimEx configarie (ascii XML file)
of form:

<?xml version="1.0"?>
<pconfig>
<beamtrip>1</beamtrip >
<livetime sigma>3.0</livetime sigma>
<numbad>2</numbad>
<leakagecorr>1</leakagecorr>
<flux_output>1</flux output-

<Efluxoutput-1</Eflux output>
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<Ipconfig>

Thebeamtrip, leakagecorr, flux outputandEflux outputare flags.

To dissable a functionality of RFLUX package one needs to set the respective flag to
0. By default the package will try to determine the data regioarresponding to beam trips
and cut them out. To disable this feature them_trip variable has to be set tin the
configuration file. It is also possible to set the number oénvils to be cut out after each

beam trip by changing theum_bad variable. Keep in mind that each interval is 5 seconds.
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APPENDIX : F SYSTEMATIC ERRORS DUE TO BEAM INSTABILITY
Using a sampling technique for detector rate determinatamlead to overcounting if sam-
pling times are correlated with the source intensity. Mquecifically, if the trigger rate is
beam dependent, the number of samples taken per unit tirhheil also be beam dependent.
Thus, if we have more samples at high rates than at low rdiesaverage rate we calculate
will be higher than the true average.
This effect can be evaluated for some cases of simple motibsamn intensity variation.
Assuming hits in the tagger are dominated by good electtbedagger rates will increase

linearly with the beam current:

Rdet X Ibeam (F 1)

The main PrimEXx trigger is formed by a coincidence of Taggedt BlyCal signals and
since the HyCal rate itself is proportional to the beam istgrthe HyCal-Tagger coincidence

rate will be proportional to thé?  :

Rtrigger X Ieram (FZ)
The number of hits a detector sees over the course of the duthem be:
T T
Nhits - / wRdethriggerdt = O/ ]Z?eamdt (FS)
0 0

wherew is the out of time window width and’ is the total live-time of the runC is a

proportionality constant which includes
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Beam Current Oscillation: Assume a beam current of the fgrm, = I, + asinwt. The
frequencyw is assumed to be large enough that many oscillations ocairtbe course of a
run yet small enough that the rate is essentially constast e sampling window7(us for
PrimEXx).

Integration yields:

3
Nyis = CT <I§ + 5Iooﬂ) (F.4)

The first term gives the number of hits which would be recorfitedhe case when = 0.

The fractional increase in the number of hits recorded is thieen by:

its

actual -
N hits 2

N;Lneasured _ Ng%tual 3 a 2
it F.5
i (F5)

Take, for example, the case whenis 10% of I,. The number of hits recorded will be

increased by /2(0.101,/1,)* = 0.015 or 1.5%.

Beam Current Drift:  Occasionally, a very slow drift can besetved in the beam current that
becomes significant over time. Assuming a beam current ofdime /.., = I, = (t, the

above calculation can be repeated for an integration perfied!’/2 to 7'/2 yielding:

1
Nyis = CT <I§ + Zﬁ%T?) (F.6)

The fractional increase in the number of hits due to bean idrthen given by:

measure actua 2
Nhits ‘- Nhitts l _ l ﬁ_T (F 7)
N i\, '
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As an example, consider a period for which the beam driftasdirdop by 10% before it
was corrected. The number of recorded hits will be overcediy ;(0.101,/7,)? = 0.0025

or ~ 0.25%.
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APPENDIX : G PAIR-PRODUCTION RUN SUMMARY

Table G.1: List of pair-production data runs.

| Run Number| PS dipole current PS dipole field | F.+ min. | X.+ min. |

5141 400 Amps 0.293Tesla x m | 1.695GeV | 35.09¢m
5142 300 Amps 0.220T'esla x m | 1.272GeV | 35.05c¢m
5314 300 Amps 0.220T'esla x m | 1.272GeV | 35.05¢m

Table G.2: Photon flux per energy bin for run # 5142.

Bin ID N, dN, % stat.
1 1.00912e+06 1.15677
2 1.34007e+06 1.01321
3 1.21228e+06 1.06531
4 1.27925e+06 1.0794
5 |1.20561e+0§ 1.12393
6 | 1.27202e+06§ 1.09326
7 1.20309e+06 1.10741
8 1.23055e+06 0.936823
9 1.14727e+06 1.00236
10 | 1.08047e+0§ 1.07486
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Table G.3: Photon flux per energy bin for run # 5314.

BinID| N, |dN, % stat.
1 749503| 1.35845
2 898607 1.24468
3 895686, 1.25398
4 964175 1.25614
5 913906| 1.30781
6 |892976] 1.3121
7 904427 1.29246
8 |895388| 1.11379
9 796927 1.21291
10 | 717473| 1.32302

Table G.4: Photon flux per energy bin for run # 5141.

BinID| N, |dN, % stat.
1 709491 1.3778
2 906463 1.22736
3 913135, 1.2328
4 935250| 1.25878
5 | 882046/ 1.31909
6 | 884500/ 1.3082
7 907838| 1.2776
8 880465 1.10602
9 845264 1.16828
10 | 730794| 1.29755
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